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ALBERT FRANCIS BLAKESLEE 


LBERT Francis BLaKEsLEE was born in Geneseo, New York, on November 

9, 1874, the son of Francis DurBIN BLAKESLEE, a Methodist minister and 
educator, and Aucusta Mrranpa (Husparp) BLAKEsLEE. He died in the Cooley- 
Dickinson Hospital, Northampton, Massachusetts, on November 16, 1954, one 
week after his eightieth birthday. 

After graduating from Wesleyan University in 1896, BLAKESLEE taught 
mathematics and science at Montpelier Seminary in Vermont for two years, and 
at the East Greenwich Academy in Rhode Island for another year, before going 
to Harvard as a graduate student. During his first year there he held a teaching 
fellowship in Botany, and for the next two years he served as an instructor at 
Radcliffe College. The summers of those years he spent at the Biological Labora- 
tory in Cold Spring Harbor as an assistant in Botany, and the following summer 
he was in Venezuela collecting for the Cryptogamic Herbarium at Harvard. After 
receiving his Ph.D. degree in 1904 he went to Europe for two years as a Carnegie 
Institution of Washington Fellow, working chiefly in the laboratory of PRorEssor 
Grorc K.ess at Halle, Germany. 

He then returned to Harvard for a year as Instructor in Botany, and in 1907 
he accepted the position of Professor of Botany and Director of the Summer 
School at the Connecticut Agricultural College in Storrs (now the University of 
Connecticut). On leave from the college during the year 1912-1913, he worked 
at the Carnegie Institution’s Station for Experimental Evolution in Cold Spring 
Harbor—later to be called the Department of Genetics—and in 1915 he joined 
the staff as a resident investigator in genetics, filling the position vacated by G. H. 
SHULL, who had moved to Princeton. He became Assistant Director of the De- 
partment in 1923. When C. B. Davenport retired in 1934, BLAKESLEE was ap- 
pointed Acting Director and, a year later, Director. He remained in that position 
until his retirement in 1941. 

In 1942 he moved to Smith College, in Northampton, where he had been in- 
vited to serve for a year as WiLLIAM ALLAN NEILson Research Professor of 
Botany. The next year he was appointed Visiting Professor. With support received 
from several sources, he organized the Smith College Genetics Experiment Sta- 
tion; and he and his group carried on productive research there for twelve years. 

Two dominant interests, biological research and teaching, were strongly ex- 
pressed in BLAKESLEE’s character. By virtue of innate ability, originality, and 
perseverance he was able to achieve outstanding success in both activities. As a 
young boy he had displayed a love of outdoor life coupled with a curiosity that 
led him to observe natural events and to make all kinds of collections. Later in 
life these inclinations persisted, and played an important part in determining the 
scope of his research. The materials he worked with included Mucors, trees, 
poultry, Rudbeckia, Portulaca, the adzuki bean, Datura, and Verbena. In addition 
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to a wide variety of genetical, cytological, and biochemical problems in Datura 
and several other plants, he also investigated the physiology and embryology of 
Datura. Still other objects of his study were sexuality in fungi; identification of 
trees in winter; the relation of egg-laying performance to coloration of legs, beak, 
and vent in chickens; and differences in olfactory and taste acuteness among 
people. While working with Mucors he accumulated an extensive, world-wide 
collection of strains; and during the period of his Datura research he was an 
ardent collector of strains and species of that genus. In Storrs he collected plants 
of agricultural and horticultural interest for a botanical garden, which he estab- 
lished for the students’ benefit: 

As a teacher, both at Connecticut and many years later at Smith College, he 
was very effective in arousing the interest and intellectual curiosity of his stu- 
dents; there are scores of men and women who remember their work with 
BLAKESLEE as a high spot in their college careers. His presentation of material 
was vivid and often dramatic. Lecturing on chromosomal types in Datura, he 
frequently used magnetized models of chromosomes, moving them against a back- 
ground to demonstrate the various configurations. His demonstrations of taste 
differences were especially effective. During a lecture he would distribute cap- 
sules containing crystals of phenyl thio carbamide, or papers impregnated with 
that chemical. and ask the members of the audience to taste them. The results 
provided a conclusive illustration of genetic variability in the human species. At 
one meeting of the AAAS, he had a voting machine installed in the exhibit hall. 
so that participants in the test could register whether the chemical was tasteless 
or bitter. 

BLAKESLEE’s research career yielded a number of major contributions in the 
field of biology, and particularly in genetics. He made his first important dis- 
covery as a graduate student. Working on taxonomy of Mucors, he found that 
zygospores appeared only when certain strains were brought together. This ob- 
servation established heterothallism in fungi, and led to recognition of the fact 
that these simple organisms reproduce by sexual fusion—a completely new and 
sensational idea, which has exerted important influence through the years, both 
in mycology and in genetics. 

Because his teaching duties at Storrs left little time for research, BLAKESLEE 
curtailed and later dropped his work with fungi, and began to study higher plants, 
one of which was Datura. Moving to Cold Spring Harbor, he brought the Datura 
with him, as well as several other plants; and, after finding a number of new 
types in the Datura cultures, he concentrated his experimentation on that organ- 
ism. Especially frequent among the new types were “mutative variants,” which 
differed from the normal plants by a complex of characters, transmitted collec- 
tively and segregating in a very unusual fashion. The explanation of their 
peculiar behavior was discovered in collaboration with JoHN BELLING, a dis- 
tinguished cytologist with a brilliant, analytical mind who joined BLAKEsLFE’s 
group in 1920 and remained in Cold Spring Harbor until 1927. 


The collaborative efforts of these two outstanding scientists laid a foundation 
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for the solution of many puzzling problems of genetics and opened up a new field 
in cytogenetic research. They supplied conclusive evidence that extra chromo- 
somes were responsible for the mutative variants in Datura; that any one of the 
twelve Datura chromosomes might become extra, giving rise to a specific pheno- 
type according to the genes it carried (primary types); that an extra chromo- 
some might also be made up of two similar halves of a chromosome (secondary 
types), or two halves of different chromosomes (tertiary types). In rapid suces- 
sion tetraploid and haploid plants were discovered, and thus a way was disclosed 
to produce at will triploids and all possible primaries, as well as various tetrasomic 
types (2n+2). 

Under BiakeEs.ee’s leadership an exhaustive cytogenetic analysis was made of 
this unique discovery in Datura. At Cold Spring Harbor he had satisfactory 
greenhouse and field facilities for the plants and also adequate funds to provide 
for collaborators and assistants—especially during the summer, when as many as 
70,000 plants were grown outdoors. Of his main collaborators, Joun BELLING 
established the basis for the cytological analyses; Dororny BERGNER continued 
the cytological studies after BELLING’s departure for Berkeley; SopHie SATIN 
carried out a portion of the cytological studies and in addition made a thorough 
analysis of patterns of development in several parts of the Datura flower and 
plant, by means of chimeras produced by colchicine treatment; and Amos G. 
Avery very effectively supervised the plant culturing and the scoring of various 
traits. Prominent among BLAKESLEE’s summer collaborators were E. W. SIN- 
NoTT, who investigated the effects of the extra chromosomes on quantitative char- 
acters, and J. T. BucHHoiz, who conducted studies of pollen-tube growth and 
developed a technique for shortening the distance to the ovules by splicing a 
stigma directly to the top of the ovary, thus facilitating many crosses that could 
not otherwise have been made. 

This concentrated research effort brought forth spectacular results. It con- 
tributed greatly toward our understanding of polyploidy, polysomic types, seg- 
mental interchange between homologous and non-homologous chromosomes, and 
chromosomal differences between geographically separated strains or different 
species of Datura. During the later years, at Smith College, BLAKESLEE’s interest 
turned in the direction of physiological problems and the development of early 
embryos in culture. 

In BLAKESLEE’s hands, Datura became one of the most useful of plants for 
genetical research. Through his efforts, methods of culture were developed that 
allowed four generations per year to be raised from seed, or a desirable plant to 
be propagated indefinitely by grafting. Cytological techniques were perfected 
for the efficient study of chromosomal configurations appearing in crosses within 
a species or between species. Splicing procedures extended the possibilities for 
crossing mutant types and, more particularly, different species. Embryo-cultur- 
ing techniques made it possible, in species crosses, to obtain mature plants of 
types that otherwise would have perished. During the long period of his Datura 
research, BLAKESLEE assembled not only a large variety of chromosomal types 
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but also a collection of 541 gene mutations, 81 of which are located in specific 
chromosomes. 

Although he was very generous about sharing the credit for research accom- 
plishments with his collaborators and assistants, and most of his papers were 
published under joint authorship, BLAKEsLEE adhered strictly to the policy that 
materials accumulated by him must be used only under his control and in his 
laboratory. This attitude imposed severe limitations on the general study of 
Datura, and prevented the development of other groups of investigators working 
with that plant. Datura research is consequently becoming a lost art. But BLaKeEs- 
LEE’s material still has rich potentialities for the solution of many problems in 
genetics and speciation, and could be used to good advantage. 

Some of BLAKESLEE’s energies were devoted to solving a number of organiza- 
tional problems of general importance to biologists. In 1935, when the American 
Journal of Botany was in financial difficulties, he was chairman of a committee 
that studied the situation and made recommendations to bring about financial 
stability. He served as president of the Trustees of Biological Abstracts during a 
time when that journal was in similar difficulties. In the late 1930’s he instigated 
the movement to establish the National Science Fund of the National Academy of 
Sciences, and worked vigorously in its behalf. 

BLAKESLEE was the recipient of many scientific honors and recognitions, both 
in the United States and abroad, during the long productive period of his life. In 
addition to receiving seven honorary degrees (San Marcos, Wesleyan, Arkansas, 
Yale, Delhi, The Sorbonne, and Smith), he was a member of the National Acad- 
emy of Sciences, the American Philosophical Society, and the American Academy 
of Arts and Sciences, a foreign member of the Royal Academies of Belgium, Den- 
mark, and Sweden, and an honorary member of nine foreign scientific societies. 
He was president, at various times, of the AAAS, the American Society of Nat- 
uralists, the Botanical Society of America, the Society for the Study of Develop- 
ment and Growth, and the Torrey Botanical Club. 

(The author is indebted to Proressor Eomunp W. Sinnott for the opportunity 
of referring to the manuscript of his article on Dr. BLAKESLEE, prepared recently 
for the Biographical Memoirs of the National Academy of Sciences. ) 


M. DEMEREC 
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BIOMETRICAL study of a hybrid swarm in the genus Eucalyptus revealed 

that for three pairs of measurements the product moment correlation co- 
efficients, r, were greater for the hybrid swarm than for the supposed parental 
species (CiiFForpD and Binet 1954). These results were unexpected and have led 
to a consideration of the manner in which linkage may contribute towards 
correlation. 

Assuming that in the parent species the dimensions studied were controlled by 
several genes, as they appeared to be, some at least are likely to be linked as the 
haploid chromosome number for Eucalyptus is 11 (DARLINGTON and Wy ir 
1956). In general, hybrid swarms such as that under consideration are probably 
of recent origin, and so it is of interest to determine the possible contribution of 
genetic linkage to correlation after a finite number of generations following 
hybridization on a large scale. 

In what follows, formulae have been developed whereby the genotype fre- 
quencies and magnitude of the correlation coefficients due to linkage may be esti- 
mated after m generations. These formulae are based on a simplified population 
model but do provide a basis for discussion when considering field populations. 

Most metrical characters are better represented by continuous than by dis- 
crete variables. Current theory holds that the heritable part of such characters is 
transmitted by several polyallelic loci; nevertheless, as a first approximation, 
the case of two linked diallelic loci is considered, with a competely dominant 
allele at each locus and with absence of interference between loci. 


Model and notation 


The mating system to be considered here is characterised by the following 
assumptions: 
1. All zygotes are monoecious or hermaphrodite. 


1A preliminary survey of the results contained in this paper was given in a lecture, ad- 
dressed by the senior author to a meeting of the Australian Genetic Society, held in conjunction 
with the Session of “Section D” of the August 1955 “A.N.Z.A.A.S.” Conference, in Melbourne. 

2 Part of the printing cost of the accompanying figures has been paid by the GALTON AND 
MENDEL MEMORIAL FUND. 

3 Formerly of the Department of Botany, University of Melbourne; present address, Depart- 
ment of Botany, University of Queensland. 


Second Printing 1966 / University of Texas Printing Division, Austin 
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2. The same proportion, s, of the male and female gametes, produced by 
every zygote, unite at random with those of the opposite kind, produced 
by the same zyogote. This proportion, 0< s <1, is constant for all gen- 
erations. 

3. The remainder of the gametes mate at random. 

4. The generations do not overlap. 

5. 


Selection, mutation and genetic drift are not operating. 

This system appears to be the simplest idealization of the one believed to exist 
in many wild plant species. It contains, as special cases, s = 0 (JENNINGs 1916, 
1917) and s = 1, i.e., pure selfing (Ropsrns 1918). The general case, 0< s <1, 
is treated for a single locus by HaLpaNnE (1924) and for two linked loci, at the 
genetic equilibrium, by BENNETT and Binet (1956). 

The following notation was found convenient: A, a and 3, b denote the domi- 
nant and recessive alleles at the two loci, and the ten possible genotypes are called 
Tj, (j =1, 2,..... 10) as set out in Table 1; p”? is the expected relative fre- 
quency of 7; in the nth generation. Appropriate linear combinations of these p; 
may be formed to represent the corresponding frequencies: 


TABLE 1 


Notation for the genotypes 





] 1 2 3 + 5 6 7 8 9 10 
T; ab ab aB ab ab aB aB Ab Ab AB 
ab aB aB Ab AB Ab AB Ab AB AB 





i. of allele combinations, p(a b) = p, + %4(p.+ p,+p;) and three similar 
expressions for p(a B), p(A b) and p(A B), 

li. of alleles, p(a) = p(ab) + p(aB) and three similar expressions for 
p(A), p(b) and p(B), 

iii. of frequencies of genotypes at the individual loci, p(aa) = p, + p. + p, 
and five similar expressions for p(aA), p(A A), p(bb), p(bB) and 
p(BB). 

It is obvious that, for all values of m and s, these frequencies satisfy consistency 

conditions such as 
10 
= pp’ = p™ (ab) + p™ (Ab) + p™ (AB) + p™ (aB) 
pit = p (aa) + p™ (aA) + p™(A A) 
= 1 


Furthermore, it follows from assumption (5) that the allele frequencies are 
independent of n; hence in the rest of this paper, they will be denoted by p(a), 
etc, omitting the superscript (7). 

The probability of recombination, usually called p, is denoted by y (0< y < 
Y%), with y = 0 representing perfect linkage (which, in this context, may be 
regarded as equivalent to pleiotropy) and y = 14, representing the absence of 
linkage. The rare cases of 4% > y < 1 are excluded from consideration. 
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The assigned values of the measurements of both characters are taken as 0, 1, 
for the recessive and the dominant phenotypes respectively; ») yp o 
o\”),, and o{*) denote the means, variances and covariance of these measure- 
ments in the mth generation. The well known expressions for these parameters in 
terms of the p‘”) are summarized below: 

=1—p™(aa);p,=1—-p™ (bb) 
a") = eit _.) i= = 1,2; a) = ps? — i per) a wo) ----- 1 


vt 


Recursion relations and their solutions 


For s = 1, the p+” are linear in the p‘”’, hence the methods of powering the 
generation matrix are applicable. It is rather straightforward, as the powering 
of the 10 x 10 generation-matrix is reducible to that of a 4 X 4 matrix, with 
latent roots 

1,%,%-yi-y)%w-y  ——— «+--+. 2 
in this order. Completion of the process leads to Ropsrns’ results as expected. 

For s = 0, the p'"+” are of the second degree in the p“. They are uniquely 
determined by the two constant allele frequencies and by »'"), where 

wo” = p™ (ab) .p\™ (AB) — p™ (aB) .p™(AD) - 
Furthermore, 
a? = (L—pyte™. «eee 3 
Thus the p' can be written rather simply in terms of the constant allele fre- 
quencies and of n, y and w °), as shown by JENNINGS. 

For 0 < s < 1, the recursion relations for the p+” in terms of the p“) are 
linear combinations of those for s = 1 and s = 0, with s and 1 — s as coefficients. 
These expressions can thus be easily sue but as they are very cumbersome 
for printing they are kept on file in the Editorial Office. 

The equilibrium frequencies of the genotypes arising from this process are 
shown in BENNETT and Binet (1956). There does not appear to be, however, 
any way for obtaining the genotype frequency directly from the recursion rela- 
tions for a finite number of generations. Therefore, the following artifice was 
employed. 

The p'”), may be regarded as elements of a vector p‘"’. A nonsingular linear 
transformation, V p‘") = q‘") has been found for which the q") satisfy difference 
equations that are comparatively easy to solve. V and V™ are exhibited in Tables 
2 and 2’ respectively. gq") = 1, trivially, for all m, while most of the other g; have 
a biological interpretation. 

q. = p(aa) — p(A A); q, = p(bb) — p(BB) 
i.e., they are the surpluses of recessive over dominant homozygotes in the 
marginal distributions. 

4 = p(aa) + p(AA);q, = p(bb) + p(BB) 
i.e., the frequencies of all homozygotes in the same distributions. 
1=Ps—Po 3 Ys= Pst Pe 

i.e., the surplus of the coupled over the repulsed phase double heterozygotes, and 
the frequency of all double heterozygotes respectively. 
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TABLE 2 


Transformation matrix and its inverse 





1 1 1 1 1 1 1 1 1 1 
1 1 1 0 0 0 0 —1 —I —1 
1 0 —-l 1 0 0 ~-l 1 0 —-1 
l 1 1 0 0 0 0 1 1 1 
1 0 1 1 0 0 1 1 0 1 
2 1 0 1 0 2 1 0 1 2 
0 0 0 0 1 —-1 0 0 0 0 
0 0 0 0 1 1 0 0 0 0 
0 1 0 0 0 0 0 0 = 0 
0 0 0 1 0 0 ol 0 0 0 
TABLE 2’ 

+ V—! —2 1 1 1 1 1 1 1 —1 —1 
2 0 0 0 —2 0 0 —2 2 0 
0 1 —-1 1 1 1 --1 2 —1 1 
2 0 0 2 0 0 0 2 0 2 
0 0 0 0 0 0 2 2 0 0 
0 0 0 0 0 0 —2 2 0 0 
2 0 0 2 0 0 0 2 0 —2 
0 1 1 1 I 1 1 1 1 —l 
2 0 0 0 2 0 0 —2 --2 0 
2 1 —1 1 1 1 1 1 1 1 





The difference equations for the g; are shown in Table 3, with their solutions 
in Table 4. These results make it possible to describe the genotype frequencies of 
the mth generation in terms of a hypothetical 0th generation by expressing the 

q° linearly in terms of the :. (by Table 2), then substituting into the expres- 
sions in Table 4, thus obtaining the g” in terms of the p’, and finally, by sub- 
stituting these into Table 2, obtaining the p’ in terms of the p?. Concisely, this 
could be expressed as 
pi = VAT V po) 
where T‘") denotes, by an extension of the conventional matrix notation, the ten 
formulae in Table 4, expressing the g™? in terms of the g“?. 

It was found to be unduly laborious to write down explicitly the ten nonlinear 
expressions which constitute V+ T V. In any case, these formulae would depend 
on seven arbitrary parameters, besides the allele frequencies and n, y and s. Thus 
only certain special results were extracted from them and these are discussed in 
the next two sections. 


Marginal frequencies and parameters 


Concentrating on the first locus, it can be seen from Table 4 that 


rae 


p™ (aa) = sy — {1 + (1 ~$)(p(aa) — p™(A A))*) 
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TABLE 3 


Recursion relations connecting q(®+1) with q(™) 
j j 





C Note: q, = -". q;' = " J 


a, =4@, . list.2,3); 
q, = zlit(I-s) qe tsa}, (k= 4,5); 
= 46 * $973 
pei 
= $M(I-s)C2UI-gz2 I-y q,) #(agt2 I-y qP-(q5*q5)1 


+2s(I-y) q,); 


af= 5 llI-s)Lq,7#I-qgt2 I-y q7)q,o-,] sq, }, (m=9,10). 





+(£)" (po (aa) + pr(A AD) 


+ = {p (aa) — p(™(AA)} 


It is seen that at an individual locus the asymptotic approach to genetic equilib- 
rium is at the rate—/log, (s/2), BENNETT and BINET a and that ----- + 
-~ un 
a) = p(A){1+2>— p(a) }+ (<) (5p (aA) —2 5— P(A) p(a)} ----- 5 
The expression for the second locus is analogous, while a and o!”) are obtain- 
able from (1) and (5). 


Association of characters 


The correlation coefficient, p™ = of /Vol™ of ww ewe 6 
is used as a measure of association of the characters in the nth generation. 
For s = 0, 
Sai a ieee 2 p(a) p(b) +o™ 
9°) = Al) eee Ci -*-- 7 
p(a) p(b)V p(A) p (B)(2 — p(A)) (2 — ptB)) 
From (3), it is seen that, as expected, under random mating the association of 
characters due to linkage tends to disappear at the rate of log. (1—y) ----- 8 
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TABLE 4 


Formulae expressing q) in terms of q‘°), n,s and y 
J J 





C Note: q, =qr a; = qi", 


G= I-y-#s; S2¢slIl-2yll-y)); 


H 


—- (2 (I-q,— S35- a-) t(q6¢ 8% q,)*-(qsta5 I; 
us oe q7(q6t <): W= (1-s)( Sia)" : J 


esq iz 22): 

a= ibe” (1-(1-s)q2 9) + (45) gy. (k = 4,5); 
Q6= Ig * Tay (I-G") gz: 

a= G"e,: 

“=: 


/ 1-33)" 


qo= Fe (1-8) que? (46> 3555 97) Gen! 


HEE Gus SE" GPwest gy: 


-(G'-(4s)"} is + 2y)I-y=a) 97 Gi2-m. 





When -y)" is small, p‘") is nearly linear in (1 — y)"; to this order of approxi- 
mation, “takes 5 shows the number of generations needed to obtain p“) <0.01 p‘’. 
For s = 1, we get by straightforward but tedious substitution 
o™) = p’ (ab) — p(a) p(b) 
1 


1 
+ (p” = PS 44a” (—- y)" + i | 
mm (o) a. (o) : i 1 , 1 , n 
t (ps P; Noa Gey , (> y ( y))"} 


+2"+1{p(a) p (Bb) + p(b) p™(Aa)} — =----- 9 


From this expression, and from (6), (1) and (5), substituting s = 1, p’ can be 
found. It is seen that the composition of the 0-th generation has an effect on the 
association of characters which persists right up to genetic equilibrium. It is also 
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TABLE 5 


The number of generations, n, needed to obtain p(®) <0.01 p‘°) for different probabilities 
of recombination, y 








¥Y 0.5 0.45 0.375 0.3 0.25 0.2 0.125 0.05 0.005 
n 7 8 10 13 17 21 35 90 918 
seen that equilibrium is approached at the rate—log.(%) = ~~ ----- 10 


as expected from (2). 

For 0 <s <1, no manageable formulae could be obtained for o,2. Table 4 
shows that the rate of approach to equilibrium is 

—log. (max (>, oe ae =) ) eee 11 
which contains, as special cases, the rates found above (see (4), (8) and (10)) 
and also the —/og, A (BENNETT and Binet 1956) representing this rate in one 
particular aspect of the genotype frequencies. The persistence of the association 
of characters even up to the state of genetic equilibrium is discussed in the same 
paper. 
DISCUSSION 


Expressions (3) and (8) show that the trend p™ — 0 with increasing n, for 
s = 0, may be regarded as the sign of the gradual equilibrium of p!” and p(”. 
Now it ought to be noted that the 0-th generation is a fiction and that the causes 
underlying p‘*) * p‘" are likely to persist in all subsequent generations, although 
not necessarily with unchanged intensity. Obvious causes that come to mind are 
selection and mutation, the equilibrium of which is well known to determine the 
values of the allele frequencies (FisHEer 1930). Although these factors were 
excluded from the model for the sake of simplicity, it is relevant to consider 
briefly how they might operate to maintain an excess of either the coupled or the 
repulsed phase. It is rather unlikely that a selective differential would exist be- 
tween T, and T,, the double heterozygotes in the coupled and repulsed phases 
respectively, as these genotypes generally give rise to similar phenotypes, although 
in the case of very tightly linked loci, the situation may well be different. If the 
loci are so close that pseudoallelism is observed, there may then be different 
phenotypes associated with heterozygotes whose genes are in the coupled and 
repulsed phases (Lewis 1950). However, in the case of loci which show an 
appreciable amount of recombination, the direct effect of selection would in 
general speed up the equalization, due to random mating, of p‘”’ and p‘?. 


It should be noted that the selection pressures on the two characters associated 
with a pair of loci are not necessarily additive. The literature of genetics contains 
many instances in which mutual alteration of genetic expression may profoundly 
change the selection pressures operating on particular phenotypes. A striking 
example occurs in the meal moth, Ephestia kiihniella, in which a red-eyed mutant 
is known which shows considerably lowered viability. However, when this gene 
for red eyes is combined with another gene for transparency of eyes, the double 
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recessive is as viable as wild type. Similar examples are known in Drosophila, 
in which double mutant stocks sometimes show increased viability over the com- 
ponent single strains, and may in some instances approach the wild type. It is 
therefore not difficult to imagine an extreme situation of this kind in which the 
AB and ab phenotypes are favored against A b and a B, resulting in an in- 
creased proportion of gametes containing either both dominant or both recessive 
alleles and, therefore, increasing the value of | p("’ — p‘ |. 

Another influence maintaining a nonzero value of this difference could be an 
increase in the mutation rate at one of the loci, resulting from mutation at the 
other locus. There is evidence to show that mutation rates are themselves subject 
to genetic control (e.g., RHoapes 1939; Ives 1950). 

It may be noted that in his work on barley, MarHer (1949) found it necessary 
to postulate a surplus of the coupled over the repulsed phase. 

If factors such as selection and mutation operate in this way with sufficient 
intensity, then linkage can persistently contribute to correlation even under 
random mating (s = 0). If s > 0, consideration of equation (9) and of the con- 
clusions of BENNETT and Binet (1956) show that correlation, once caused by 
some disturbance, i.e., deviation from the idealised model, generating p; + pz, 
persists right up to equilibrium, even if thereafter the mating system remains 
exactly the idealised one here considered. The correlation persists after p; and pg 
become equalised and even in the absence of linkage. However, if linkage is 
present, the correlation has a higher equilibrium value which is attained more 
slowly. 


SUMMARY 


A hypothetical, monoecious population is postulated in which a fixed proportion 
of the male and female gametes produced by every zygote unite at random with 
those of the opposite kind produced by the same zygote, while the remainder par- 
take in panmictic union. 

Formulae are given by which the genotype frequencies in a given generation 
can be expressed in terms of those in an arbitrary earlier generation. 

A discussion of the model leads to the brief consideration of some factors that 
might operate to maintain an excess of either coupled or repulsed phases. If these 
factors operate with sufficient intensity, then linkage can persistently contribute 
to correlation, even under panmixia. 
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HE considerable diversity of the red cell antigens of chickens, as shown in 

the work of Topp (1930), coupled with the known polymorphic nature of 
some of the human blood groups, suggested their usefulness in following some of 
the genetic consequences of long-continued close inbreeding in chickens. In 
theory such consequences should include a loss in heterozygosity with an accom- 
panying loss in phenotypic variability, but at the time the work described in this 
paper was begun, it was recognized that the inbred lines of White Leghorn 
chickens maintained at Reaseheath were not showing any reduction in variability 
of egg production, age at maturity, and final body weight, although body weight 
at first egg and average egg weight had declined in variability. Peasr (1948) put 
forward data showing this, and tentatively suggested that heterozygotes for some 
few loci might be superior for the first three characters above, which are com- 
ponents of general fitness to survive. Thus the selection for large family size 
practised at Reaseheath might be selecting the more heterozygous individuals and 
perpetuating a high degree of variability in these characters. It later appeared 
that this approach may have been an oversimplification, for the findings of 
RosBertson and Reeve (1952) indicated that an increase in homozygosity might 
lead to an increased susceptibility to environmental sources of variation. This 
suggestion received support from the finding of CLoucuH and Cock (1957) that 
the variability of body weight was greater in one of the Reaseheath lines than 
in F, progeny of this line and another. Moreover it has been observed that the 
Reaseheath inbreds, which thrived well under the management conditions at the 
original station, were more difficult to keep alive and productive when transferred 
to other stations. 

It was not at first supposed that the antigen loci were themselves necessarily 
directly concerned in the selection for heterozygosis, but rather that they would 
participate in a general slowing down of the progress towards increased homo- 
zygosis expected during inbreeding. They might however be more useful than 
other loci as markers for such a general effect in that they are not subject to ob- 
vious direct selection. Most of the known genes of chickens determine either 
defects, or obvious structural or coloring features which are fixed in most breeds. 
Only in the case of the concealed plumage pattern genes of some dominant white 
breeds is there absence of overt selection, and Cock (1956) has recently used 
such genes as markers showing a retarded progress towards homozygosis during 
inbreeding. 

Later the antigen genes were shown to be more directly concerned. SHULTz 
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and Brites (1953) showed that their B locus was heterozygous in more inbred 
lines than would have been expected in the absence of selection for heterozygotes. 
In a production-bred flock artificial selection for high egg production had favoured 
heterozygotes at the A locus, while heterozygotes at the B locus appeared to have 
an advantage over homozygotes in general fitness. GitMour (1954) reported 
that segregation at three loci affecting red cell antigens was continuing in one of 
the highly inbred Reaseheath lines, amounting to about 50 percent of heterozy- 
gotes per locus in each generation, and that the more heterozygous individuals 
had an advantage in reproductive performance and survival. In a later report 
Gi_mMour (1958) extended these findings to six loci. Brrtes (1954) showed that 
hatchability in three inbred lines increased with the level of heterozygosity at 
the B locus expected in different matings, and that, within line and season, hetero- 
zygotes were superior to homozygotes in egg production. Brites and KRUEGER 
(1955) and Brixes (1956) reported further data along similar lines. A very wide 
occurrence of continuing segregation at the B locus was reported by Brixes, 
ALLEN and MILLEN (1957). They found segregation in at least 71 out of 73 
closed populations studied. The number of alleles varied from eight in a recently 
closed population to two in the majority of the more highly inbred lines (inbreed- 
ing coefficients above 65 percent). 

The present paper reports work on the identification of genes determining red 
cell antigens in four Reaseheath lines. Attempts were made to identify fixed as 
well as segregating genes. It is to some extent complementary to the work of 
Brites and his collaborators, in that the approach has been to make a detailed 
study of a small group of very highly inbred lines over a period of years, in an 
attempt to obtain information on all the antigens present. In a subsequent paper 
data will be presented on the extent of continuing segregation of these loci in all 
four lines, and the mechanism of selection leading to such continuance. 


The inbred lines 
The chickens used were all derived from the inbred lines of White Leghorns 
maintained by annual brother-sister matings at the Northern Breeding Station, 
Reaseheath, Cheshire, England. The work at Reaseheath has been described by 
Pease (1948) and Pease and Dubey (1954). The lines used, together with the 
year of the first brother—sister mating, are set out in Table 1. It will be seen that 
these lines are identical with Peasr’s C, I, W and R respectively, but two-letter 


TABLE 1 


Code letters of the Reaseheath lines used, and the year of the first brother-sister mating 





PEASE’s Present 











code code Year 
Cc CH 1933 
I IA 1938 
W WA 1938 


R RE 1940 
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designations are used here to avoid confusion with the single-letter designations 
of antigens. 


METHODS 


The large wing vein which lies just subcutaneously over the muscles on the 
inner side of the humerus was utilized for bleedings and injections. Blood was 
withdrawn through a needle of 0.70 mms diameter into a syringe containing 
sufficient 3.5 percent Trisodium citrate dihydrate solution to make a final con- 
centration of one part citrate and six parts blood. Before withdrawal of the needle 
the vein was firmly occluded by finger pressure. This, maintained for about 45 
seconds, prevented subcutaneous bleeding which otherwise obscured the vein 
for subsequent work. No sterile precautions were found necessary. 

Each testing serum was obtained from a bird which had received several intra- 
venous or occasionally intramuscular injections of washed red cells resuspended 
in one percent saline. Injections were continued at intervals of two or three days 
until trial bleedings gave serum of satisfactory titre. Quantity bleedings were then 
made on the third and fourth days following the last injection. After this time 
the titres fell, slowly with powerful sera and more rapidly with weak. Citrate 
was used in these bleedings, so that strictly the “serum” was citrated plasma. It 
was difficult to obtain a good yield of serum from clotted blood, since chicken 
clots do not retract well, nor can they be compressed even by protracted centri- 
fuging. The citrated plasma was quite satisfactory, although it usually threw a 
precipitate, presumably of fibrin, either on inactivation of complement by heat- 
ing for 30 minutes at 55°C, or following storage, or both. This was centrifuged 
off and did not affect the titre. All sera were stored without addition of preserva- 
tive at —20°C. Chickens which did not respond to about eight injections were 
rested for a month or more and then given a second course. Third or even fourth 
courses were tried in some instances. 

Absorptions were made in small glass tubes by adding thrice-washed packed 
red cells to inactivated serum, shaking, and allowing to stand at room tempera- 
ture for half to two hours, followed by reshaking and centrifuging. Weak sera 
were used undiluted, and were only partially absorbed. They were then titrated 
in parallel against the absorbing cells and others, and used for testing if some 
cells reacted in two or three dilutions beyond the tube in which the absorbing 
cells were negative. This method was used only in some developmental work, 
and not in routine testing. Powerful sera were diluted according to titre and com- 
pletely absorbed at this dilution. In the first absorption, very few cells were used 
(e.g., two drops packed cells to 16 drops serum) since otherwise a meshwork of 
powerful agglutination often developed from which little serum could be re- 
covered. In the second absorption a half volume of cells was used to one of serum, 
and in later absorptions the amount of cells was adjusted by experience depending 
on the titre with control cells in the previous test. Great care was taken to pre- 
vent overabsorption, which led to nonspecific weakening of sera. 

When sufficient information had accumulated about the inheritance of an- 
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tigens in an inbred line, injections were designed to obtain sera which were 
specific for the antigenic products of single alleles, and these sera were then used 
unabsorbed. They were, however, checked by absorption analysis so that their 
unitary character—within the one line—could be ensured. 

The agglutination tests were made by adding one volume of a thin suspension 
of washed red cells in one percent saline to one volume of serum in small glass 
tubes 2” x 14” inside diameter. In developmental work, where numbers of small 
trial absorptions were being made, the volume used in tests was measured by 
drawing fluid up to a mark on a fine Pasteur pipette, about 1/5 of a drop. In rou- 
tine work measurements were made in drops (approximately 1/40 cc). The reac- 
tions were shaken and stood at room temperature, shaken again after 15 minutes, 
and read 1-2 hours later, by which time the negatively-reacting cells had settled 
into a small button on the bottom of the tube. A second reading was taken 2—4 
hours later. With most of the powerful routine sera, the positively-reacting cells 
settled in clumps widely spread out over the base of the tube. This failure of the 
clumps to fall into the middle of the bottom of the tube occurred because chicken 
red cells agglutinated with chicken serum have a tendency to stick to glass, as was 
reported by Topp (1930). The most powerful class of reaction was that in which 
the clumps firmly adhered to the glass and could not be brought into suspension 
by flicking the tube. In less powerful reactions the clumps settled in the manner 
described but came up into suspension following flicking. In an intermediate 
class of reaction the small clumps formed a ring near the bottom of the tube, but 
never the characteristic tight button of the negative unagglutinated cells. The 
above interpretation of the macroscopic appearance was confirmed in the earlier 
work by examining some of the resuspended cells or clumps microscopically. A 
difficulty encountered here was that even unagglutinated cells often clumped 
nonspecifically after a few moments on the glass microscope slide. This was 
avoided by using slides very thinly coated with Canada Balsam. Microscopic 
examination was dispensed with once thorough familiarity was obtained with 
the characteristics of particular sera, although it was occasionally used with 
weak sera until they were replaced by more powerful duplicates. With some 
sera the agglutinated cells did not stick to glass but settled into a small button in 
the bottom of the tube. Such buttons had at least twice the diameter of the buttons 
formed by nonagglutinated cells, and always had ragged edges. 

Many immune sera were made by injections of blood cells between indi- 
viduals of the RE line. In addition, with the original object of obtaining informa- 
tion on homozygous antigens, individuals were used which were derived from 
backcrosses of either RE or WA sires on WA & RE crossbreds. Such individuals, 
and their further descendants, also gave information on the allelism of certain 
antigens in the two lines. 


The B locus 


This was the second locus to be identified in the Reaseheath birds and it has 
been shown to correspond with the B locus of Brites, McGrsson and Irwin 
(1950). A small batch of reagents kindly sent from the United States in 1950 by 
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Dr. W. E. Brixes failed to differentiate Reaseheath birds. Two much larger 
batches sent in 1956 and 1957 by Dr. Brixes’ collaborator CourtTNEy P. ALLEN 
from the Hy-Line Research Laboratories were successfully used in establishing 
that certain loci identified in Reaseheath birds corresponded with some of those 
described by Brixes and co-workers, as will be described below. 

The B locus is considered first here since it illustrates a number of general 
points not so well shown by the other loci. For purposes of description a his- 
torical terminology will be used, but it will be replaced at the end of this section 
by a more realistic genetic terminology. 

The first serum used, 478 anti-B, was obtained by injections of cells from fe- 
male R1318 into her brother R478. These birds were hatched in 1948 and mated 
in 1949 to produce a subline of the RE line which was eventually discarded. This 
serum identified an antigen B which segregated in the RE line as if determined 
by a single gene B. Anti-B serum appeared to be unitary in its antibody content 
when tested with RE individuals, i.e. absorption with cells of any positive bird 
completely exhausted it. In addition such absorption exhausted it for cells of 
individuals from any of the other three lines which reacted with the unabsorbed 
serum. Absorption of the serum with cells of any individual of the WA line, or of 
any crossbred individual with one WA parent and one non-B parent from the 
RE line, left a residual reactivity for B cells of RE individuals but not for cells 
of any WA or such WA-sired individual. This led to the conclusion that the WA 
line was homozygous for a portion of the B antigen, designated B,. The B antigen 
of the RE line was therefore redesignated B,B. and the serum assumed to contain 
two antibodies anti-B, and anti-B.. 

Antigens allelic to B,B. were not first identified by the use of sera developed 
within the RE line. Indication of the existence of a second allele at this locus was 
first obtained during absorption analysis of a multiple serum 1513 produced by 
injection of cells from an RE female R53 into a WA male W1513. These birds 
had been mated in 1950 to give crossbred progeny which were backcrossed in 
1951 to either a WA sire or the RE sire R478. By means of absorption analysis 
with cells from the two sets of backcross progeny this serum was found to contain 
three antibody specificities. The first corresponded with anti-Z and identified 
an allele already known at the A locus and described later. This allele was segre- 
gating in RE but was absent from WA which was homozygous for another A 
allele. The second antibody reacted with B,, the major portion of the already 
known B locus antigen of the RE line. (Anti-B, was obviously not made ina WA 
bird carrying B..) The third antibody of serum 1513 identified a new antigen 
which segregated in the RE line as if determined by an allele of B,B,, designated 
Y. All the 50 backcross progeny sired by the RE male R478 carried Y, indicating 
that this male, already known not to carry B,B., was homozygous for the new 
antigen. This finding further supported the proposition that the two antigens 
were determined by allelic genes. 


The first definitive anti-Y sera were made by planned injections between in- 
dividuals of certain backcross families, sired by a WA male, in which Y was 
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segregating. Absorption analysis of the strongest such serum showed that it was 
unitary in its antibody content for the RE cells used. Tests of several generations 
of the RE line with this anti-Y serum showed that it was identifying an antigen 
determined by an allele of B,B,. A slight dosage effect was found with the RE 
antigens at this locus, in that homozygous B,B, cells reacted slightly more 
strongly with anti-B,B. than did heterozygous cells B,B,/Y. Moreover absorption 
of this serum with the heterozygous cells left a weak residual reactivity for homo- 
zygous cells, but not vice versa. Mendelian analysis of matings between the back- 
cross progeny showed that the homozygous gene of the WA line, so far called B,, 
was allelic to both the B locus genes of the RE line, and they to each other. 

Sera for identifying the WA antigen B. were made in two ways. Firstly, in- 
jections of cells from W1513 into R53 (the parents of the crossbreds already men- 
tioned) gave a serum which reacted with cells of all the WA or WA-sired in- 
dividuals tested and was completely exhausted by absorption with any such cells. 
This serum was therefore identifying an antigen or antigens homozygous in all 
the WA individuals used. Evidence derived from the backcross mating to the RE 
male and from matings between backcross progeny showed that a single WA 
antigen was identified by this serum, determined by an allele at the B locus, 
designated K. This allele had however already been defined by its previous re- 
activity as B,, and so the antigen was tentatively assumed to consist of two anti- 
genic factors K and B., the first being the major one, and it was redesignated KB, 
and the gene KB,. 

In further work it was found that the Y antigen of the RE line, but not the 
B,B. antigen, reacted weakly with anti-K serum. This was taken as showing the 
existence of two antigenic groups K, and K, in the WA antigen, one of which— 
K.,—was associated with Y in the RE antigen. The results of absorption analysis 
of anti-K confirmed this supposition. Thus the alleles were again redesignated, 
K,K.B; for the WA allele and YK, for the second RE allele. 

Other sera for the WA antigen were made by injections between selected back- 
cross progeny matched for A locus antigens. For example, injection of cells known 
from family and serological evidence to carry the two antigens K,K.B. and YK, 
into an individual homozygous for YK, produced a serum 564 with reactivity 
anti-K,B.. This was a powerful reagent for the WA B locus antigen, and could 
not be fractionated by absorption with cells of any WA or WA-sired individual. 

It was expected that this serum would distinguish the two known B locus anti- 
gens of the RE line in that it would react with B,B. but not with YK,. It was 
found on the contrary that cells of many RE individuals which reacted with 
anti-Y but not with anti-B,B, did react strongly with 564 anti-K,B.. This led to 
the conclusion that there were two RE antigens containing Y, one reacting with 
anti-K,B, and designated YK,, and the other the previously known YK, which as 
expected did not react with anti-K,B.. This view was confirmed by the production 
of separate sera in RE individuals, anti-YK, by injection of YK, cells into homo- 
zygous B,B, individuals, and anti-K. by irtjection of B,B,/YK, cells into an in- 
dividual of genotype B,B,/YK,. The anti-K,B, serum no. 564 could be used as a 
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reagent for B,B. cells after absorption with YK, cells, and for YK, after absorp- 
tion with B,B.. 

A summary of the concept held at this stage of the work was therefore that the 
RE line carried three allelic antigens at this locus, B,B., YK, and YK., while the 
WA line was homozygous for an antigen K,K,B, allelic to these three. This term- 
inology expressed clearly the conclusions derived from work with these two lines 
only, involving agglutination testing, cross-injections between tested individuals, 
and absorptions. This concept was essentially the same as that of Brites, Mc- 
Grppon and Irwin (1950), and that held by American workers on cattle red 
cell antigens (e.g. SrormoNT, OwEN and Irwin, 1951). The idea was expressed 
as follows by Brrtes, McGrspon and Irwin (1950) (p. 635):—“the term anti- 
gen... (refers to) . . . the total antigenic product of an allele, while the term 
antigenic factor . . . (refers to) . . . the ‘serological components’ of which the 
antigen appears to be composed”’. In this notation, B,, B., Y, Ki, K. were antigenic 
factors, making up in various combinations the antigens determined by separate 
alleles. 

It was clear on considering the work recorded above that the antigens B and Y 
which appeared simple within the one line had to receive a more complex inter- 
pretation as soon as a second line was studied. Similarly the simple K antigen of 
the WA line had to be considered more complex when the RE line was studied. 
Such reasoning suggested that an explanation based on a small and completely 
known number of antigenic factors might not be sufficient. This conclusion was 
-n fact confirmed when work was extended to the CH and IA lines. 

On testing with all the reagents available, CH cells were found to be of two 
types, those reacting with reagents for B,B,, B,, Y, YK,, K,K., K., K,B., and those 
reacting with K,K,, K,B., and YK, only. Several different reagents of each spe- 
cificity were used. The second category did not react with anti-K,B,, when it was 
absorbed with YK, cells, while the first did. The simplest explanation of these 
findings would be that there were two alleles, the first consisting of B,B, YK, at 
least, the second of K, at least. No segregation was found with IA cells, all react- 
ing with reagents for B,B., B,, Y, YK,, K, and K,B., but not with reagents for 
K,K.. These cells might be designated B,B.Y, but it would be necessary also to 
postulate an extra antibody in anti-K,,. 

The results of absorption analysis of serum 564 (anti-K,B.) necessitated the 
postulation of yet more antigenic factors in order to maintain an explanation in 
accord with the concept. Absorption with CH cells of the reactivity B,B, YK, re- 
moved the reactivity of this serum for YK, cells but not for B,B, cells of the RE 
line, and not for “B,B,Y” cells of the IA line. These results are directly con- 
tradictory to the explanation in terms of the discrete antigenic factors so far 
known. Moreover, absorption with IA cells removed the reactivity for IA cells 
alone, indicating that these cells carried only parts of the “antigenic factors” 
B,B.Y. 

At this stage it was realized that there was nothing to be gained in attempting 
any longer to maintain the previous concept. It seemed entirely likely that the 
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complexity of nomenclature would increase each time a new line was studied. 
Accordingly the hypothesis is tentatively proposed that each line possesses its 
own characteristic antigens at this locus, and that each such antigen has its own 
pattern of cross-reactivity with antibodies for the antigens of other lines. It is not 
necessarily suggested that discrete antigenic factors are not involved in the make- 
up of the antigenic complexes determined by separate alleles, but rather that the 
number of such factors is too large for them to be easily sorted out. This point is 
examined further in the Discussion. 

The hypothesis put forward here is essentially the same as that suggested in- 
dependently by Brits et al. (1957) and therefore their terminology—a modifi- 
cation of the prior terminology of Brites, McGrsson and Irwin (1950)—is 
adopted. The distinct antigens at my second locus are accordingly designated with 
the letter B and each receives also a separate numeral subscript. In order to avoid 
confusion with the series of separate numerals used by Brizes et al. (1957) (B, 
up to B.,) it is proposed that numbers prefixed with R be used for antigens of the 
Reaseheath lines. The corresponding designations are given in Table 2. It will be 


TABLE 2 


Proposed numbering of B locus allelic antigens of the Reaseheath lines 
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RE BB, Bri 
RE VR, Ba: 
RE YK, B.; 
WA K,K.B Br 
WA “y’ Br: 
CH ‘B, BL YK,” Bae 
CH ‘K,” Br: 
IA “BBY (K,)” Brs 
IA “non-Y” B 
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noted that two further antigens, not mentioned above, are included in this table, 
one extra for each of the lines WA and IA. The existence of segregation at the B 
locus in the WA line was suspected at the time of the above work, for very weak 
reactions occurred with some but not all cells when tested with anti-Y. Testing 
of the latest generation (1957 hatch) has now confirmed this. Segregation is oc- 
curring with the anti-K,B, reagent (no. 564), while another antigen identified 
by a new and more powerful anti-Y reagent is segregating as if allelic. Evidently 
all the WA birds tested earlier carried the antigen K,K,B., and this led to the 
erroneous conclusion that the line was isozygous. The particular anti-Y reagent 
used has a titre of 1:64 for the homologous cells (Br:) against which it was pre- 
pared, and a titre of 1:4 for Brg; of WA. This indicates that these two antigens 
probably have only a small part of their make-up in common. Evidence of segre- 
gation at the B locus in the IA line was obtained in recent tests of the 1957 hatch 
in which two further anti-Y reagents gave plus or minus reactions with a series 
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of IA bloods. In this case the titre with reacting IA cells was about the same as 
with RE line reacting cells. 

Evidence that the antigens of the Reaseheath lines described above are likely 
to be allelic with the antigens of the B locus of Brites et al. was obtained by 
serological means, and the genetical testing required for a rigorous proof has not 
been possible. Considerable numbers of birds, both from the Reaseheath lines and 
from other sources, were tested with my reagents and with reagents prepared by 
Brites, ALLEN and MILten. The pattern of reactions with the American B locus 
reagents followed that with the second locus reagents described above, while the 
American A locus reagents gave a similar pattern to that of the first locus reagents 
(A and Z of my terminology). 


The A locus 


This was the first locus to be identified in the Reaseheath lines, and its identity 
with the A locus of Brites, McGrsson and Irwin (1950) has recently been 
shown, as indicated above. 

The first two sera were obtained by injections of cells from female R1169 into 
male R448, and vice versa. These birds were a brother-sister pair hatched in 1947 
and mated in 1948 to give progeny which continued the RE line. R448 serum was 
designated anti-A, and R1169 anti-Z. Of ten progeny tested, nine possessed both 
antigens A and Z, the tenth only A. The progeny of two brother-sister matings 
from this family were tested. One mating, of the type AZ x AZ gave five A, five 
AZ, and one Z progeny. The other mating, AZ x A, gave seven A and eight AZ 
progeny. The simplest explanation of these findings was that the antigens A and 
Z were determined by allelic genes A and Z. The A parent was thus homozygous 
A/A and the other three parents were heterozygous A/Z. All subsequent breed- 
ing work has confirmed this interpretation, the totals of progeny from meny mat- 
ings of the type AZ x AZ being close to a 1:2:1 ratio, and of A XAZ or Z x AZ 
to the appropriate 1:1 ratios. The one exception is the A/A female which, being 
the offspring of R448 (Z) and R1169 (A), should have been AZ and not A, if the 
genetic explanation is correct. We must either suppose a more complex genetic 
interpretation of the antigenic results, which hardly seems justified in view of 
all subsequent experience, or postulate another allele which was rapidly lost. 
Alternatively we may conclude that this bird was mispedigreed or was the off- 
spring of another cock. This conclusion could be unfortunate for the history of 
the RE line as a true brother-sister mated line, since the rest of the line stems 
from this bird. This view is perhaps unduly pessimistic, since the other antigens 
segregating in the subline derived from her supposed full-sibs were found to be 
identical with those segregating in the main line derived from her, so that the 
mismating or mispedigreeing, if it did occur, was almost certainly within the RE 
line. Antigens introduced by a mismating to a bird from one of the other lines 
would have been easily identified. Antisera to A and Z have been made on 
many subsequent occasions by appropriate injections, as AZ — Z, AZ — A, 
A — Z, Z-— A. All these have had the same specificity as the originals. Ab- 
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sorption analysis of the original sera and some of the more recent ones with RE 
cells has suggested that they are unitary in character. Absorption of the more 
powerful anti-A sera with AZ cells leaves a very weak residual reaction with A 
cells, but this is interpreted as a dosage effect, since A cells (A/A) react at a 
slightly higher titre than AZ cells (A/Z). A similar phenomenon has been found 
with some anti-Z sera, and with some others, mentioned elsewhere. Genetic evi- 
dence from linecrosses and backcrosses has confirmed the above interpretation 
of the inheritance of A and Z. 

All WA and CH cells tested reacted with anti-A but not anti-Z, while IA cells 
were of reactivity A or AZ. The WA and CH lines may therefore be isozygous at 
the A locus, while the IA line is still segregating. No very definite conclusion has 
been reached as to the relationship between the A antigens of different lines. All 
the cells from different lines which react with anti-A reagents have closely simi- 
lar titres, while no sharp fractionation of reagents is possible in absorption 
analysis. To take one example, absorption of an anti-A reagent with WA cells 
leaves no more than a very faint reactivity for homozygous A cells of the RE line. 
It is thus not technically possible with the present methods to go beyond the con- 
clusion that the antigens of the four different lines defined by their reactivity 
with anti-A reagents appear to be very closely similar and possibly identical. 
The same applies to Z. In conformity with the prior terminology the antigens 
A and Z of the RE line are now designated Ax, and Ag» respectively. 


The third locus 


A third segregating locus has been found in the RE line. Most tests have used 
a single serum 864, designated anti-L, obtained by cross-injection of blood be- 
tween two progeny of the backcross mating RE x (WA x RE). The donor and 
recipient were alike in their reactivity with all the A and B locus reagents then 
available, except for a very slight difference in titre with serum 53 (original anti- 
K). This series of injections was one of several made at that time in order to in- 
vestigate whether this slight difference had any significance, and it was the 
only one which gave a reactive serum, and that only after a second course of 
injections. 

The antigen L, identified only by its reaction with anti-L, is inherited inde- 
pendently of the A and B locus antigens. It is segregating in the RE, CH, and WA 
lines but is not present in IA. This line may therefore be fixed for a non-L allele, 
or any segregation at this locus may involve other unidentified alleles. L appears 
to be determined by a single gene as shown by Mendelian analysis of eight gen- 
erations of the RE line, and of the backcross generations from WA xX RE and 
further descendants of these, previously described. In both cases matings of the 
type L Xx non-L have given an approximation to a 1:1 ratio of L and non-L 
progeny, while L x L matings have fallen into two categories, those giving L and 
non-L in about 3:1 ratio, and those giving all L. Thus the simplest genetic in- 
terpretation is that L is determined by one of a pair of alleles. 

This locus has been most difficult to work with since the original serum was 
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not very strong, and no cross-absorption work has been possible. Moreover no 
other antigenic factor has been identified which appears allelic to L. Only two 
out of numerous injections within the RE line of the type L — non-L (with 
other factors matched) have given L antibody, and in each case this was mixed 
with another new antibody, which had to be removed by appropriate absorption. 
Clearly the antibody response to L is difficult to stimulate, and both the original 
and the new sera were obtained reactive only after a second course of injections. 
Most of the attempted injection series have now run into third and fourth courses 
without response. Several attempts have also been made to prepare antisera for 
the supposed antigen allelic to L by injections of non-L blood into birds which the 
genetic evidence suggested might be homozygous L/L, (i.e. +/+ — L/L) and 
of heterozygous L into homozygous L (i.e. L/+ — L/L), but without success. 

One possible explanation for the difficulty of producing L sera was that in- 
complete antibodies might be produced. Apparently negative sera obtained from 
sets of injections designed to produce L were accordingly tested by the anti- 
globulin technique. Dr. R. R. A. Coomss kindly provided serum from rabbits 
which had been injected with chicken plasma, and this was absorbed with pooled 
chicken cells. The test was performed according to the technique described by 
Race and SANGER (1954), but without result. Thus incomplete antibodies were 
not formed. Control tests of the efficacy of the antiglobulin serum were made by 
using it against cells which had been sensitized with subagglutinating doses of 
known reactive sera. Powerful agglutination occurred with the antiglobulin 
serum when the cells had been sensitized with the reactive serum in three or 
four doubling dilutions beyond the normal titre. 

Bloods of numerous birds unrelated to the Reaseheath lines tested with anti-L 
serum showed sharp segregation into L and non-L categories. These did not cor- 
respond with any of the A and B locus categories obtained by testing with both 
the author’s reagents and those prepared by Brites, ALLEN and Mitten. A few 
reagents for antigens of the C locus (Brites, Brrtes and QuIsENBERRY 1950), the 
D locus (Brites 1951), and the E locus (Brites 1958), made available in the 
same way, distinguished categories which also did not correspond with the L 
categories. Injections between these birds gave new anti-L sera. Two series of 
injections in somewhat inbred Rhode Island Reds (two generations sib-mated) 
and one series of injections in White Leghorns (also two generations sib-mated ) 
yielded powerful anti-L sera whose reactions paralleled those of the original 864 
anti-L serum in tests with both Reaseheath and the above non-Reaseheath birds. 
The surprising ease with which these powerful sera were obtained in the first 
injection series in each case contrasts sharply with the difficulty of obtaining 
even weak anti-L sera in the RE line and the backcross descendants. 


Further segregating antigens 


A number of further antigens of the red cells have been found segregating in 
the RE line. Antibodies for the first of these were obtained during attempts to 
produce antibodies for L by injections of L blood into non-L individuals, with 
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the powerful antigens of the A and B loci matched. In one case, serum no. 2180, 
antibody distinguishing L was obtained, but it was mixed with another antibody 
and thus the serum required absorption with selected reacting non-L cells to 
make it specific for L. Following the complementary absorption, with selected L 
cells, a reagent was obtained for another inherited antigen segregating in the RE 
line apparently independently of the known antigens. Another series of injec- 
tions for L produced a serum (no. 2033) which contained weak L antibody inef- 
fective at a dilution of 1:4, and powerful antibody for the same new antigen. 
Further appropriate series of injections produced specific reagents for the anti- 
gen, at first designated M. It was discovered in 1955 among survivors of the 1953 
and 1954 hatches, and did not appear in the 1955 hatch. It was therefore impos- 
sible to accumulate sufficient data from the RE line to determine its mode of 
inheritance. Recent tests of birds of the IA line have however yielded further 
information about M, for it was found to be segregating in this line in parallel 
with Ap, while the reactor cells also reacted with an American E locus reagent. 
It therefore seems likely that M is in fact an E locus allele, for it is known (BrILEs 
1958) that A and E are associated and probably closely linked. Retests of sur- 
vivors of the RE line have confirmed that the reactions of this E reagent also 
parallel M reactions here. The numbers are not sufficient for an accurate test of 
linkage, but inspection of the test results suggests that the E allele identified by 
anti-M was linked in coupling with Az, in the reacting birds of the RE line, but 
that the repulsion phase was also present, since the line is now isozygous for Ag, 
and non-M. 

A further antigen was identified following a series of injections designed to 
produce an M reagent. This gave a reagent which reacted with all M cells, but 
also with some but not all non-M cells. This new reactivity was found to concern 
an antigen which is still segregating in the RE line, designated N. Further re- 
agents specific for N were made by injecting N non-M cells into non-N non-M 
birds. Study of the 1955, 1956 and 1957 generations suggests that N is determined 
by a single gene, since matings of the type N X N gave either all N progeny, or 
N and non-N in a 3:1 ratio. 

Further antigens segregating in the RE line were identified by a study of the 
weak reactions of certain cells with certain powerful sera. Many such sera which 
gave clear-cut plus and minus reactions when highly diluted reacted with some 
but not all of the negatively reacting cells when undiluted. In the earlier work 
this finding was ignored, but it was later thought worth while to examine its 
significance more thoroughly. The study was facilitated by the fact that the RE 
line has recently become isozygous at both the A and B loci. Ars was absent from 
the 1955 hatch, leaving Az, isozygous. At the B locus two alleles have been lost, 
Bre in 1953 and Be; in 1956. This meant that large numbers of bloods could be 
tested for weak reactions with reagents for the absent alleles. 

Consistent segregation, indicating the existence of a new antigen, was ob- 
tained during testing of homozygous Br; bloods of RE individuals with two 
separate powerful Bg, reagents made in backcross progeny. The first, no. 129, 
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which distinguished Ba, clearly at 1: 128, reacted with all homozygous Bx; bloods 
when undiluted. Two categories could be distinguished, reactors to 1:8 and re- 
actors to 1:24. A second reagent no. 714 was more powerful, distinguishing Br: at 
1: 1024, and distinguishing homozygous B,; bloods into categories reacting to 1:16 
and 1:48. The strong and weak categories obtained with either reagent coincided. 
Injection of blood from strong reactors into weak reactors produced specific re- 
agents for an antigen carried by the strong reactors. The results of tests of mem- 
bers of five successive generations of the RE line including several complete 
families (sire, dam, and progeny) were consistent with the view that this antigen 
is determined by a single gene: Moreover, in all 196 cases where tests were made 
with both anti-N and the new reagents, the bloods reacted with one or other or 
both, strongly suggesting that N and the new antigen are allelic. No dosage effect 
was observed in these tests. This allelism was confirmed by a study of the family 
ratios, and these antigens were accordingly designated N, and N, respectively. 
The N, and N, reagents have shown no correspondence in any of their reaction 
patterns with any others of mine nor with the American reagents of the A, B, C, 
D or E series. 

A further segregating RE antigen was discovered during testing of a reagent 
produced within the RE line. This reagent (no. 2036) identified Ag» at 1: 128, but 
was found to distinguish non-A g, bloods into three categories, nonreactors with 
the undiluted serum, those reacting to 1:4, and those reacting to 1:12. The non- 
reactors were used as recipients in injections, some receiving blood from the 
stronger reactors, others from the weaker reactors. All the sera produced were 
identical in specificity, distinguishing non-A, reactors with reagent 2036 (at 
either strength) from nonreactors. This suggested that an antigen, at first desig- 
nated Q, was segregating. The reagents made in the above manner were weak 
and only one of them distinguished bloods into the two different strengths of re- 
action. A powerful Q reagent was made by reinjecting the original recipient bird 
(R 2036), after a rest, with cells of one of the reactors. This donor was non-Ar2 
and so the serum should have contained only anti-Q. The expected absence of 
anti-A, was confirmed by appropriate tests. With this serum a more clear-cut 
distinction of the categories of reactors could be obtained. Cells fell into three 
groups, nonreactors with undiluted serum, those reacting to a titre in the range 
1:16 to 1:40, and those reacting at least to 1: 128. 

A further antigen allelic to Q was discovered accidentally during attempts to 
produce a strong specific anti-L reagent to replace serum no. 864, stocks of which 
were almost exhausted. Bird no. R 2180, which had previously produced mixed 
anti-M + anti-L, was injected with blood from another L individual (non-M, 
non-N). A reactive serum was obtained which on testing with a panel of known 


cells was found to identify not L, M or N, but instead a new antigen, designated 
V, which appeared to stand in an allelic relationship to Q. All bloods tested car- 
ried either Q or V or both. The strong reactors with anti-Q did not carry V, the 
intermediate reactors with anti-Q were also intermediate in their strength of re- 
action with anti-V, and nonreactors with anti-Q reacted most strongly with 
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anti-V. The genetic situation is therefore presumably that the three categories are 
respectively Q/Q, Q/V, and V/V. Tests with American reagents suggested that 
this locus was identical with the C locus (Brites, BrrLes and QuISENBERRY 1950). 
One C locus reagent exactly imitated the reactions of anti-Q, including the dosage 
effect, while another, made in a different line, imitated anti-V. In accordance 
with the convention previously proposed Q is renamed as Cz, and V as Cry. It is 
worth recording that in this case where the dosage effect was rather marked, the 
heterozygous cells were variable in their titre with the stronger serum 2036 
(anti-C,), reacting variously in the range 1:16 to 1:40. 

Another inherited antigenic property of the red blood cells has been found 
segregating in the RE line. NacLer (1942) observed that chicken red cells were 
agglutinated by suspensions of vaccinia virus grown on chick chorio-allantoic 
membrane, and that some cells were much less susceptible than others. Later 
Ciark and Nacter (1943) found that cells from 55 percent of 78 individuals of 
various age, sex and breed were strongly agglutinated at a virus dilution of 1:10. 
They concluded that there were two categories of individuals, and supposed that 
the distinction had a genetic basis. The mode of inheritance of this character has 
now been worked out in collaboration with Dr. A. C. ALLison. At his suggestion 
bloods from all surviving members of the 1953 to 1956 generations of the RE line 
were tested by him for agglutinability by vaccinia virus. Most cells were strongly 
agglutinated, but some were not, and it is tentatively suggested from inspection 
of the pedigrees that the property of non-agglutinability is determined by a single 
recessive gene. Matings of the type “agglutinable” x “‘non-agglutinable” gave 
all “agglutinable” progeny. Brother-sister matings of these progeny gave some 
‘“agglutinable” and some “non-agglutinable” progeny, and matings of such “‘non- 
agglutinable” sibs gave all “non-agglutinable” progeny. The numbers so far tested 
are relatively small, and further work is planned to submit the hypothesis of a 
single recessive gene to a rigorous test. No significant difference in the titre of the 
reaction was obtained with any of the reacting cells, although some of them-were 
certainly heterozygous. No connection seems apparent between this character 
and any of the antigen loci described above, and it must be concluded that segre- 
gation of yet another locus was continuing at least into the 1956 generation. The 
further continuance of segregation is not precluded. 

Some evidence has been obtained that a further locus was segregating in the 
RE line, from results of tests of surviving members of the 1953-1956 generations 
with American reagents for the D locus (Brites 1951). With four different D 
locus reagents all bloods reacted alike except for that of one individual of the 
1953 generation, which reacted strongly with two reagents for D, with which 
all other bloods did not react, and weakly with two reagents for D, with which 
all other bloods reacted strongly. It is likely that this individual was D,/D, and 
that the line is now isozygous for D,. A first series of injections of this blood into 
other matched individuals has not so far given anti-D,. This individual belonged 
to a subline which was not selected for breeding in 1954, and which branched off 
from the main line in the 1949 generation. In the absence of mutation we may 
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suppose that the main RE line was segregating at the D locus at least until the 
1949 generation. 


Homozygous antigens 


It was expected early in this work that only a few antigen loci might still be 
segregating in the highly inbred lines, but that many more loci might exist which 
had become fixed in isozygous condition in different lines. Injections within lines 
would not produce antibodies for such antigens, but injections between indi- 
viduals of different lines might be expected to produce antibodies for isozygous 
antigens in which they differed. Relatively few series of injections between lines 
were made, but none of them produced evidence that any loci additional to the 
three then known were fixed in isozygous condition differently in different lines. 
The WA — RE antiserum no. 53 (anti-K) mentioned above identified antigenic 
material which was homozygous in the WA donor, which segregated as a unit 
in backcrosses and their descendants, and which was allelic to the known anti- 
gens of the B locus. Other sera produced by between-line injections, as of CH — 
IA, IA — CH, RE — CH, CH — RE etc., have similarly not revealed the 
existence of different isozygous blocks of antigens in different lines. Most such 
sera were satisfactory reagents for B locus antigens in any line. This finding con- 
firms the view that there exists a number of B locus antigens possessing consider- 
able cross-reactivity, and also suggests that these antigens stimulate the produc- 
tion of antibodies more readily than any others present. 

Further evidence relating to the supposed blocks of isozygous antigens was 
obtained from the backcross matings already described. These were designed to 
produce segregation of any isozygous antigens, thus making possible the manu- 
facture of new antisera by appropriate cross-injections. In many sets of injections 
between backcross individuals of identical A and B blood types, only one new 
antiserum was made, that identifying L. Moreover, only two A or B antisera 
manufactured in such individuals were found to be contaminated with new 
unknown antibodies. These were found, as reported above, to identify an antigen 
N. which is segregating in both the RE and the WA line. This evidence would 
seem to suggest that the expected possibly large numbers of isozygous antigens 
do not exist. Later experience has counselled caution in drawing such a con- 
clusion, for it has been found that while antibodies for A, B, and E antigens are 
readily made, those for the other known loci are made with great difficulty and 
are weak. 


Number of segregating loci in the RE line 


Five of the loci described above, namely A, B, C, L and N, have been studied 
in detail and appear to be distinct. The antigens determined by each have been 
followed through a number of generations and satisfactorily accounted for in 
terms of the genetic interpretations proposed. Since no allele of Z was found, 
special attention was given to the possibility that it might be a third allele at one 
of the other loci, but study of the records has shown this to be impossible. No 
matings specifically designed to test for linkage have been set up, but an exami- 
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nation of relatively small numbers of progeny from some matings in the RE line 
which seemed to be appropriate revealed no evidence of close linkage between 
any of these five loci. The possibility that loose linkage may occur cannot be pre- 
cluded. Brites (1958) states that the A and E loci appear to be linked by less 
than one crossover unit and the fragmentary evidence given above is in accord. 
SCHEINBERG (1956) found two independent linkage groups (M./M; and Q,; S./S; 
and O;) with fairly close linkage (recombination frequencies respectively 5.4 + 
4.2% and 2.6 + 2%). In limited tests with two A and two B reagents from BriLes 
he found a correspondence between Q, and B,, but no others. This would suggest 
that there is a locus linked with the B locus. Altogether three linkage groups may 
exist, the one including A, another probably including B, and another (ScHEIN- 
BERG’s second group). The failure in my work to find segregation of new antigens 
in backcrosses, and the correspondence of at least four of my loci with four of 
Brites’ five loci, suggests that the number of antigen loci is limited, so that linkage 
may well be found in the Reaseheath lines with more work. In summary it may 
be said that at least five effectively independent loci determining red cell antigens 
were definitely segregating in the RE line through many years of inbreeding, 
namely A-E, B,C, L and N. The vaccinia agglutinability factor was also segre- 
gating, and it is likely that this is determined by a sixth locus independent of the 
others. The D locus was probably also segregating until 1953, although this con- 
clusion is based on the different reaction of only one bird. The A locus, and with 
it E, was fixed in the 1954 families selected for breeding in 1955, and the B locus 
was fixed in the 1955 families selected for 1956, the third allele having been lost 
in 1953. In the latest generation tested, that hatched in 1957 from the eighteenth 
successive brother-sister matings, C, L and N were still segregating. The vaccinia 
agglutinability factor was segregating at least until 1956, and may still be segre- 
gating, although this cannot yet be determined with certainty. 


DISCUSSION 


The most surprising feature of the work reported above is the finding that all 
seven of the apparently nonlinked loci identified were still segregating following 
fourteen generations of brother-sister matings. This strongly suggests that ani- 
mals heterozygous at these loci were at a selective advantage under the conditions 
at Reaseheath. Direct evidence of heterozygote superiority and consideration of 
the way in which it maintained segregation will be presented in a subsequent 
paper, together with further data on the extent of segregation in the other three 
lines. Since NEwcoMeEr (1957) found only five pairs of autosomes in the chicken, 
corresponding with the five known autosomal linkage groups, it would seem likely 
that each autosome carries an antigen locus, that the sex chromosome also carries 
one, and that at least one more case of linkage between these loci must exist besides 
the known close linkage of A and E. Thus it is implied that each of the six pairs 
of chromosomes of the chicken possesses a short segment which tends to continue 
segregating even under close inbreeding. As regards linkage, it may be noted that 
SCHEINBERG (1956) found two cases of autosomal linkage of pairs of antigen 
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loci in the chicken, although apart from a possible involvement of the B locus in 
one of them, nothing is known of their correspondence with the eight loci reported 
by Brizes and myself. 

The B locus showed considerable multiple allelism, nine alleles being identified 
among four highly inbred lines. Brizes et al. (1957) similarly found a high degree 
of antigenic diversity of the B alleles, in that 21 distinct antigenic types, each 
presumably determined by a separate allele, were identified in 12 inbred lines 
developed from nine different original stocks. Their conclusion that a very large 
number of B alleles exists in chickens is broadly confirmed by the results reported 
above of cross-reactions, absorptions, and interline immunizations among the 
four Reaseheath lines. The hypothesis advanced by Brites et al. and by myself, 
is thus that the B locus comprises a large number of multiple alleles each deter- 
mining one antigen, but that the separate antigens are capable of a very con- 
siderable range of cross-reactivity. We may either regard the cross-reactivities 
as resulting from the fact that each antigen is made up of a large number of anti- 
genic factors eventually identifiable by ordinary serological methods, or suppose 
them to be comparable with the more discontinuous type of cross-reactivities 
characteristic for example of the egg albumens of various species of birds and 
presumably due to chemical characters held in common. In protein antigens these 
might be particular aminoacids or peptide links, larger combinations of these, or 
even spatial configurations of part of the molecule (LANDsTEINER 1945). To some 
extent these two explanations may eventually be found to be equivalent. 

As regards the hypothesis of multiple alleles, it should not be forgotten that 
the similar situation with the human Rh blood group system has been regarded 
by many workers as capable of a different interpretation. The well known syn- 
thesis of FisHer (1944), that three pairs of allelomorphic antigens were involved, 
was based broadly on the finding that oppositional groupings of reactions could 
be seen among the complex pattern of reactions characteristic of the Rh system 
as a whole, and these were thought to be due to the pairs of alleles at three 
separate but closely linked loci. Confirmatory evidence was adduced from the 
orders of frequency of the various allelic combinations in populations, and later 
from the discovery of the postulated crossover combinations in the predicted 
frequencies (Race and SANGER, 1954). Srornmont (1955) discussed the linked- 
gene hypothesis as possibly applicable to the similar complex situation at the B 
locus of cattle, but rejected it because of his failure to find any oppositional group- 
ings among the pattern of reactions. So far as can be seen from Table 3 of BriLes 
et al. (1957), no such sets of oppositional groupings appear in the reactions of the 
B antigens of chickens. One major difference between human Rh and cattle or 
chicken B antigens is that the antisera for the postulated separate antigens, C, c, 
D, d, etc., making up the Rh system rarely if ever cross-react. 

The information available for the other loci from the present work is not 
sufficient to establish the existence of multiple alleles. In an early paper Brives, 
McGrss0n and Irwin (1950) reported finding nine alleles at the A locus, al- 
though it would now seem likely that some at least of this complexity was caused 
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by the various possible combinations of the closely linked A and E loci. ALLEN 
(1957) reported the identification of several multiple alleles at each of the loci 
A, C, D and E, although fewer than those found at the B locus among the same 
birds. 


SUMMARY 


Immune sera made in individuals of the highly inbred RE line of White Leg- 
horn chickens, and in both sets of backcross progeny from a cross of another line 
(WA) with RE, were used to identify a series of antigens of the red blood cells 
of chickens. Genetic evidence from inbred and backcross matings showed that the 
genes determining these antigens occurred at five independent (i.e., not appar- 
ently linked) loci segregating in the RE line. In three cases partial dominance 
was shown by the presence of a dosage effect. 

Tests with reagents sent from America showed that three of these loci corre- 
sponded with the A, B and C loci already reported by American workers, while 
the other two (L, NV) were new. A further antigen which had been identified but 
whose mode of inheritance had not been clearly worked out was shown by such 
tests to be determined by an allele at the E locus of American workers. The prob- 
able close linkage of A and E was confirmed. 

A detailed study of the B locus showed the presence of nine multiple alleles each 
determining a separate antigen, distinguished by differing cross-reaction, absorp- 
tion, and immunization characteristics, among four highly inbred lines of widely 
different origins. 

Two further loci were segregating in the RE line. One of these was D, identified 
only by American reagents, the other a locus determining the agglutinability of 
chicken red cells by vaccinia virus. In the latter case non-agglutinability appeared 
to be determined by a single gene recessive to the agglutinability gene. 

Thus seven independent loci were segregating in the 1953 hatch of the RE line 
produced by the fourteenth successive annual brother-sister matings. Attempts 
were made to identify further antigen loci, which might have become fixed 
differently in different lines by random drift, by making immunizations between 
both backcross progeny and individuals of different lines, but without success. 
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| nage pseudoalleles are noncomplementary mutants which may be divided 

into separate groups by recombination. Presently found in the literature are 
two contrasting interpretations of this phenomenon. The first, held by Ponte- 
corvo (1952) maintains that the different pseudoalleles represent alterations at 
different sites of a single functional unit, the gene. The second, supported by 
Lewis (1951, 1955) views the mutants at the different pseudoallelic loci as al- 
terations in different units each of which should be called a gene. 

The first interpretation assumes there are several mutation sites on a gene 
showing position pseudoallelism, and that in each case of mutation the inactiva- 
tion of the gene results. On this basis, recombination between the mutation sites 
may be visualized as occurring within the functional unit. 

The second interpretation accounts for the noncomplementarity of the mutants 
at two loci by invoking a position effect involving the products of two genes acting 
on different steps of a synthetic pathway. From this point of view, recombinant 
types arise by crossing over between functional units. 

As has been pointed out by several investigators, one of the main difficulties in 
interpreting data obtained from pseudoallelic systems is the inadequate criteria 
for recognition of a functional unit. BENzER (1957), in his work with bacterio- 
phage, points out the complexity of a functional unit and the difficulties involved 
in defining it in terms of recombination groups. BENzER’s work, along with that 
of Demerec (1955) and co-workers (for review see HARTMAN 1957) using trans- 
duction in Salmonella, indicates that the unit of function in these micro- 
organisms may be subdivided by recombination. Whether the recombinational 
phenomenon recorded in microorganisms is the equivalent of that found in 
Drosophila is at present a matter of conjecture. 

From work with Drosophila melanogaster it is clear that the white region is a 
complex pseudoallelic system. Lewis (1952) has shown that apricot (w*) and 
white—1 (w‘) occupy two loci in this region and may be considered position 
pseudoalleles. The work of MacKenprick and Pontecorvo (1952) supports this 
interpretation. Lewis (1956) has also described the position of another gene, 
white-spotted, (w*’), which may be considered as occupying a third locus in 
the white region. The loci represented by these three mutants, apricot, white-1 
and white-spotted, are located, from left to right in the order named, at about 1.5 

! This study was begun while the author held a postdoctoral fellowship from the American 
Cancor Society and is pres2ntly being supported by U. S. Public Health Grant C-3648. 
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on the X chromosome. The work presented here gives evidence that another 
locus, occupied by Brownex, (w#'’*), lies to the left of apricot. Unexpected cross- 
over types also recorded in this study serve to emphasize again the difficulties 
involved in the definition of the functional units in this system. 


MATERIALS AND METHODS 


The establishment of the spatial relationships of the mutants within this pseu- 
doallelic series is based entirely on the recovery of exceptional (nonparental eye- 
color) offspring from females heterozygous for the pseudoalleles being tested 
and for appropriate marker genes located on either side of the white region. The 
markers employed were yellow (y, 0.0; yellow body and bristles); yellow-2 
(y?, dominant to y; yellow body and black bristles); scute (sc, 0.0+; missing 
scutellar bristles); split (spl, 3.0+-; split bristles and rough eyes); echinus (ec, 
5.5; enlarged eye facets) ; singed-3 (sm’, 21.0; gnarled bristles). The pseudoalleles 
studied were: apricot, (w*); blood, (w®'); Brownex, (w®'’*) ; buff, (w*/); honey. 
(w"); white-1, (w’). Descriptions of all these mutants with the exception of 
Brownex may be found in Brinces and BrenMe (1944). Brownex was described 
by Mossice (1953) as a member of the white series which in heterozygous fe- 
males, w8"*/w+, exhibits a slight dominant effect. This is easily classifiable when 
such females are made homozygous for the autosomal eye color scarlet. MossicE 
also reports that crossing over is reduced in the neighborhood of Brownex, with 
0.4 map units between scute and Brownex and 1.0 units between Brownex and 
facet. Crossover analyses done in this laboratory are in close agreement with 
these figures. Examination of the salivary gland chromosomes shows nothing 
unusual, although in general the white region is difficult to analyse. 

The experimental procedure generally followed was to obtain virgin females 
heterozygous for two of the pseudoalleles and marker genes located on either side 
of the white region, and mate them to males carrying y w spl sn’. The females 
were also made heterozygous for the second chromosome rearrangement SM/ 
(Lewis and Mistove 1953), carrying the markers aristaless (a/), Curly (Cy), 
and speck-2 (sp*), and the third chromosome rearrangement Ultrabithorax-130 
(Lewis 1952) which is associated with the dominant marker Ultrabithorax 
(Ubz'*’) and carries ebony-sooty (e*). Such an autosomal constitution is known 
to be effective in causing an increase in the amount of crossing over in the X 
chromosome. The offspring resulting from this type of mating were examined 
for eye colors which differed from either of the pseudoalleles carried by the 
heterozygous female. 


RESULTS 


The crosses and any exceptional offspring recovered from each are given in 
Table 1. There are several results of interest. First, the appearance of y*w* 
individuals from cross #1 indicates that the locus occupied by Brownex lies to 
the left of apricot. This may be questioned however since there also appear 
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TABLE 1 


Exceptional recombinant types recovered from heterozygous females 












































Exceptional Total 
Cross Heterozygous recombinant offspring 
number female types recovered Number examined 
i aoe hs et. & Sf 3 
BR dS Re oe tae ee 1 43,442 
y? wt spl ec y? w + + 6 
2 1 wf + 4 + + spl ec 1 
ee ~ 11,000 
y2 wBwr spl ec + w spl ec 2 
3 + wh 4 4 a a spl ec 2 
wn or — 14,223 
y? wer spl ec + w spl ec 1 
t. y¥ ww spl sn’ 
TET 5 A: ar ae we 2 9,000 
+ wBwr + 4. 
5 eS mel ales — 
re = None 50,250 
y? wwe spl ec 
6 + wth + + 
~~ — a None 11 ,909 
y? wt spl ec 
ae eae er 
ee Nonet+t 76,684 
y? wf spl + 
8 4+ yf + + + w spl ec 4 
——_———— 43,025 
y? wt spl ec y? w + + 4 
9 + wh + + + + spl ec 4 
= Se 13,425 
y? wt spl ec yy w + + 1 
Total 196,375 
* Single male carrying Ubx1%? 


; For exceptional types not associated with crossing over see Jupp (1957). 


y’w and y+w* classes. The latter of these does not show recombination of the 
markers on either side of white and may be explained either as a double cross 
over or as a reversion of Brownex to wild type. It is felt that this single male 
is not the result of contamination since he carried the third chromosome rear- 
rangement marked with the dominant Ubz'*’. The y*w class, on the other hand, 
presents a problem since it arises from crossing over in the same direction as the 
y’w* class. In an effort to resolve this complication, attached-X chromosomes 
heterozygous for apricot and Brownex and suitable markers were synthesized 
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after the method of MuLLEeR (1936). Attached-X females of the constitution 
shown in Figure 1 were made heterozygous for the SM1 and Ubz’*? rearrange- 
ments and mated individually to y w spl sn’ males. The progeny from the females 
which proved to be of the type shown in Figure 1 were examined for individuals 
showing exceptional eye-color phenotypes. Among approximately 22,000 off- 
spring examined, four females with wild type (red) eye-color appeared. Pheno- 
typically two were y’ sn*, resulting from the crossover designated as (b) in 
Figure 1; one was ee sn*, which could arise as crossovers at points (a) and (c) or 
at points (b) and (c) as shown in Figure 1; a fourth was the result of a reciprocal 
crossover shown at point (a) in Figure 1, and phenotypically was sn*. Since the 
distance from the marked region to the centromere of these X chromosomes is 
greater than 50 units, the two homozygous classes are rather frequent and the 
genetic constitution of each female could be readily determined by examining 



































0.0 1.5 3.0 5.5 21.0 
| /\ | | | 
y? + w% — spl + sn> 

(a)} | (b) (c) 
+ whwx, + ec eee 
+ ww? spl + snd y7+ + + ec sn3 
y7+ + + ec snd y2+ w'spl + sn3 

(a) (b) 
yo + + sn> 








+ wre, + ec sn> 
(a&c) or (b&c) 


Ficure 1.—The upper diagram shows the attached-X constitution of the parental females from 
which crossovers between w* and w4’? were detected. Below are shown the three resultant cross- 
over classes which arose from crossing over at point (a) (reciprocal), point (b) (nonreciprocal) 
and at points (a) and (c) or (b) and (c). 
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her offspring. Each of the four exceptional females proved to be of the constitution 
predicted from the crossover types shown in Figure 1. 

Examination of the offspring from the female which arose by the reciprocal 
crossover, (point a), showed that the homozygous double mutant, ww", is 
very similar to w* in phenotype. On aging, however, the w®"*w" darkens to a 
brownish-pink color while w* does not. Furthermore, w®""w*/w+ shows the 
dominant effect exhibited by Brownex; this has not been confirmed by testing 
with scarlet however. The similarity between the phenotypes of the double mu- 
tant and apricot accounts for the fact that the double mutant was not recognized 
as an exceptional type in the experiments using free-X chromosomes. 

Attached-X females homozygous for w"" w" spl sn’ were used to establish a 
stock culture, and from this a detachment was obtained using the T(1;4) BS du- 
plication. Females of constitution w?"* w spl sn’/y sc; SM1; Ubx'*? were then 
synthesized and mated to y w spl sn’ males. Among the progeny of these hetero- 
zygous females there appeared a female which was Brownex in phenotype and 
proved to be w®"*/y w spl sn’. This gives proof of the existence of the mutant 
Brownex in the chromosome resulting from the recovered reciprocal crossover, 
and justifies the conclusion that Brownex occupies a separate locus at the left of 
apricot. 

The use of the attached-X chromosomes does not clarify the origin of the y? w 
class obtained from the w®"*/y* w* spl ec free-X heterozygotes. It may well be 
that this class would not be recognized in the attached-X, since w/w?" is very 
similar to w*/w"? in phenotype and w/w* cannot always be separated from 
w*/w"; thus, the white class would be recognized only if its complementary cross- 
over type is markedly different from apricot or Brownex in phenotype. 

In an attempt to define the exceptional white type, which for brevity will be 
referred to as w’*, several crosses were made with it. These crosses are given in 
Table 2. It is of interest to note that w” does not cross over with white-1, apricot, 
or Brownex, though in the latter case the number of offspring examined is not 
large enough to rule out the possibility that recombination could occur. Further- 
more, w”? apparently does not represent a double mutant type since no excep- 
tional individuals were recovered from w+/w” heterozygotes. 

Further examination of Table 1 will show that exceptional offspring with 
white phenotype are recovered from several crosses other than the w®"*/w* 
combination. Crosses numbers 2 and 3 in Table 1 involving Brownex and either 
honey or buff also give a white class which arises from crossing over in the same 
direction as the wild type exceptions. These pseudoallelic combinations have not 
yet been placed in attached-X chromosomes nor have the exceptional types been 
studied to any extent. Cross number 8 involving apricot and buff offers some 
results which are also of interest. In this case, only exceptions with white pheno- 
type have been found (w*** and w**’). From the recombination of the markers, 
it appears that the two may be complementary types. It was considered possible 
that one of them might prove to be the double mutant, that is, having both apri- 
cot and buff together in the same chromosome. To test this assumption, both of 
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the white types, y+ w*** spl ec and y* w***, were crossed to wild type and to 
white-1 to find whether the original mutants, w* and w”’, could be recovered from 
one of them. These crosses and the results are given in Table 2. Neither w*** nor 
w**” proved to be the double mutant, and the origin of both types remains to be 
determined. 

Early in the course of this investigation, the occurrence of the exceptional 
white type seemed to be associated with those crosses which involved the mutant 
Brownex. Working on the assumption that Brownex might represent changes at 


TABLE 2 


Exceptional recombinant types recovered from heterozygous females 



























































Total 
Cross Heterozygous Exceptional offspring 
number female types recovered examined 
10 y* wt" 
None 19,912 
wt 
11 y? w? 
None 12.996 
y wv spl sn? 
12 y? w*? 
- None 25.888 
y? wt spl ec 
13 - we 
None 5,402 
4 wBwa spl ec 
14 + wt spl ec 
— None 14,707 
+ wrt 
15 vy? wed; 
= None 10.030 
0 
16 + w6 spl e 
None 24.602 
y w! +> a 
17 y? u 86b j 
None 7,144 
y wi spl sn? 
18 y? wer spl ec 
2 None 26,177 
=e wrt 
Total 146,858 
* Derived from cross number 1, Table 1. 


+ Derived from cross number 8, Table 1. 
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two points located very close together in the X chromosome, offspring from 
y? w? spl ec/wt+ females were examined. If Brownex is a double mutant, ex- 
ceptional offspring should also arise from this heterozygous combination. As is 
shown in cross number 18, Table 2, examination of 26,177 individuals from such 
a cross failed to yield any exceptional types. The results of this cross also indicate 
that the derived white class is not the result of unequal crossing over, for if it 
were, it should arise with comparable frequency from any of several hetero- 
zygous combinations tested, including w®"*/wt. 

The unusual nature of some of the recombinational events which apparently 
give origin to the recovered exceptional offspring is further emphasized by 
spatial relationships assumed by the four mutants, apricot, blood, Brownex and 
buff. Table 1 shows that Brownex-buff and Brownex-apricot combinations give 
rise to essentially the same classes of exceptions, while apricot-buff heterozygotes 
give the two unusual white types discussed previously. Blood, on the other hand, 
does not show recombination with any of these three. It is possible that blood is 
a small rearrangement in the region of white, but this is not likely since work 
now in progress shows that blood does recombine with eosin, and that its locus 
lies to the left of eosin. 

The only exceptional types which have been rigorously tested to eliminate 
the possibility of modifiers are those which arose from the w*/w®"* and w*/w?! 
females. Stocks of each of the exceptions were established, however, and it can 
be stated that if modifiers are responsible for the unusual results, they almost 
always appear in those gametes showing crossing over in the y-spl region of the 
X chromosome. The appearance of exceptional types not associated with crossing 
over reported previously (Jupp 1957) from w”!/w*' heterozygotes are presently 
under study. 

An analysis of the wild type exceptions derived from w*/w®"? females is now 
under way. Several of them have now been placed in combination with the 
mutant zeste, (z), (Gans 1953) and in each case their action with respect to z 
is indistinguishable from the w+ derived from the Oregon-R strain. It should be 
noted however that neither apricot nor Brownex show a suppressor effect in 
combination with zeste. 


DISCUSSION 


As more is learned about gene action, it becomes increasingly clear that ob- 
servable phenotypic effects assigned to a locus may be the result of gene action 
at any one of several levels. To equate phenotypic change with any particular 
change in the genetic structure may, in specific cases, be impossible with our 
present knowledge. The magnitude of a genetic change which will be registered 
as a change of function may depend entirely on the level at which function is 
measured. The detection of mutation and thus the definition of the unit of genetic 
change is of course directly dependent on this measure of function. Similarly, 
the definition of the unit which can not be further subdivided by recombination 
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is dependent on the recognition of phenotypic change. In other words, the genetic 
unit can be properly delimited only when phenotype can be measured at the 
same level as genotype. From this point of view it is not surprising to find that 
position pseudoalleles present a unit of function which is considerably different 
from the unit of recombination. 

In the white region of the X chromosome of Drosophila melanogaster there 
are three or four points between which crossing over may be detected. Within 
this region, which may be defined by the noncomplementarity of the eye-color 
mutants localized in this part of the X chromosome, there may be several unde- 
tected or only partially detected sites which can show recombination with each 
other or with those sites already known. Whether the y’ w” class derived from 
y? w* spl ec/w®”* females and either or both of the white classes arising from 
y? w* spl ec/w*! females can be explained on the basis of additional loci is not 
settled. 

It is possible to consider the mutant Brownex as a small rearrangement, pos- 
sibly an insertional duplication for all or part of the white region. It is still diffi- 
cult however to account for the exceptional white types. Possibly they also are 
small rearrangements which will not recombine with some or all of the mutants 
of the white series. It is hoped that this possibility may be subjected to critical 
test. Even if Brownex is considered to be abnormal with regard to the number 
and/or arrangement of the components comprising the white region, the data ob- 
tained regarding its relationships in space and function to the other mutants of 
the white series are of value. Whether these data may be explained in terms of 
conventional recombination events or whether a reconsideration of generally 
accepted views is called for must necessarily await further work with other mem- 
bers of the white series, other suitable pseudoallelic loci and analysis of the re- 
sultant exceptional types. 


SUMMARY 


Recovered recombination classes from females heterozygous for the mutants 
Brownex and apricot show that Brownex occupies a separate locus at the left 
of apricot. The possibility that Brownex represents a small rearrangement in the 
white region is discussed in the light of the appearance of the unexpected cross- 
over class of white phenotype. 

Data are presented which indicate that neither Brownex nor the derived white 
class is due to mutation at more than one site in the white region, and further- 
more, that the exceptional white class probably does not arise as the result of 
unequal crossing over. The possibility that the unusual white class represents a 
small rearrangement is considered. 

The unusual spatial relationships of the mutants apricot, blood, Brownex and 
buff, as determined by the exceptional classes obtained from some of the hetero- 
zygous combinations, are recorded and discussed briefly. 
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ECOMBINATION between loci on chromosomes taken from a well adapted 

population releases an extensive array of variability (DospzHaNsky 1946; 
Wa ttcce et al. 1953). To compare the amount of variability provided by recombi- 
nation of linked genes affecting viability in two sibling species of Drosophila the 
experiments described here on Drosophila persimilis recombination follow the 
experiments in the preceding paper by Spassky et al. (1958) in basic plan. 

D. persimilis is much less widely distributed than D. pseudoobscura and is more 
narrowly adapted since it is found commonly only in cooler and more moist 
habitats in western U. S. A. and southwestern Canada while the latter species 
occupies warmer and drier areas as well throughout western North America and 
Central America south to Guatemala. The populations of both species are highly 
heterozygous containing a great variety of gene complexes most of which are 
disadvantageous when homozygous: they do not differ significantly in the fre- 
quency of lethal or semilethal chromosomes (33.0 + 4.5 percent in pseudoobscura, 
25.5 + 4.2 percent in persimilis) although the mean viability of homozygotes for 
the second chromosome (which is controlled in these experiments) seems lower 
in the former (55.2 + 3.1 percent of control) than the latter species (67.6 + 2.9 
percent of control) (DoszHANsky and Spassky 1953). On the other hand spon- 
taneous mutation rate seems higher in D. persimilis by a factor of nearly two 
over that in D. pseudoobscura (DoszHANsky, SpassKy and Spassky 1954). 


EXPERIMENTAL METHODS 

The plan of the experiments is the same as that described in the preceding paper 
(Spassky et al. 1958), namely, second chromosomes which produced “normal” or 
subvital effects on viability were chosen from samples of flies taken from two 
different localities, ten chromosomes from each locality. A total of 45 intralocality 
crosses from each locality and 100 interlocality crosses were made. Single F;, 
females resulting from these crosses were tested for viability of recombination 
homozygotes by a marker technique described below. In addition the twenty 
balanced chromosomes were retested for their effects in homozygous condition at 
the termination of the experiment (approximately two and a half years after its 
initiation). Each of these original chromosomes was tested in six replicate cul- 
tures as in the preceding reference. 


1 The work reported here was done under Contract No. AT—(30-1)-1775, U. S. Atomic Energy 
Commission. 
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Wild D. persimilis were obtained by the author in the summer of 1953 from 
two localities in the Yosemite region of California. One locality, called “South 
Fork”, is in a dense fir forest at an elevation of 7000 ft. near the south fork of the 
Tuolumne River (and about 12 miles east of Mather, California); the other 
locality, called ““White Wolf”, is seven miles to the east of South Fork at an eleva- 
tion of 8000 ft. in sparse lodgepole pine woods adjacent to a small pond not far 
from White Wolf Lodge. These localities are not far from each other but they are 
ecologically diverse. 

The following year male descendants of these flies from 15 SF (South Fork) 
stocks and from 15 WW (White Wolf) stocks were mated to females homozygous 
for the recessive mutant cardinal (cd) on chromosome II. F, males from each 
cross were mated in single pairs to females in which one second chromosome con- 
tains the mutant cardinal, the dominant Delta, and an extensive inversion. The 
following generation Delta non-cardinal flies were inbred brother to sister. Since 
Delta is lethal in homozygous condition the progeny should consist of 33.3 percent 
non-Delta to 66.7 percent Delta if the wild chromosome contains “normal” via- 
bility factors. (See DoszHansky and Spassky 1953, for description of this 
method). 

From the SF and WW matings ten strains which produced closest to “normal” 
viability were chosen for the recombination experiment. They were kept in the 
balanced condition and maintained at 16°C, transferred each generation in the 
following way: Single pair and mass-mated (10-20 pairs) cultures were kept for 
each strain; the mass matings were reserved for insurance against loss and con- 
sisted of brothers and sisters from the single pair matings. 

Intercrosses between strains were made and single F, females were mated to 
cd/cd males. Ten F, sons heterozygous for cd/ interstrain chromosome II were 
then crossed to Delta cd/ + cd females. Finally F, brothers and sisters heterozy- 
gous for Delta/interstrain chromosome II were mated (from 2-4 pairs per cul- 
ture) to yield an F, of which 100 flies were counted from each culture. For each 
interstrain cross therefore 1000 flies were counted in F,. These F, cultures were 
raised at 25°C. 

All stocks including the iesier stocks were made homokaryotic for the Whitney 
arrangement of chromosome III. 


Viability in intrapopulational crosses 
The data on the effects of recombination between chromosomes of single locality 
origin are given in Table 1 (South Fork) and in Table 2 (White Wolf). Both 
tables are constructed as in the preceding paper, namely with strain numbers on 
the top and left margins, Roman type above the diagonal to the right are average 
numbers of wild type (non-Delta) flies for the ten F, cultures arising from recom- 
bination between interstrains; italic type below and to the left of the diagonal 
give variances to be discussed below, and the diagonal gives means and variances 

for the six replicate cultures of each original chromosome. 
In every case in SF the crossover general effect is a lowering of viability (com- 
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TABLE 1 


Viability (Roman type above and to the right of the diagonal) and variance (italic type below 
and to the left of the diagonal) of the recombination products of ten original chromosomes 
(nos. 4, 10, 12 . . . 43) from South Fork. M and V = mean viability and mean 
variance of recombination products, or the general effect of a given original 
chromosome. The squares along the diagonal show the viability 
(Roman) and the variance (italic) of original chromosomes 


4 | 10} l2 | 2) | 25] 27] 29] 30| 38] 43/ mM 


37.2 
4 6.76 31.5 | 30.6 30.4/| 27.8 32.7| 27.6| 29.7/ 25.6| 22.4/28.70 











lO} 13.36 aoa 29.9/ 29.5| 27.6) 28.9) 23.5) 32.8) 30.7/ 34.7/29.90 
121-437 | 10.25] hag 31.6 | 25.7) 26.5) 29.4) 18.1) 32.3) 23.1 |27.47 


-2.68 





21) 1.73 |75.70 4.90) 31.8] 208] 29.3] 32.8) 31.0 | 34.230.16 








25] 0.15 |-350] 1773 | 46.53 poe 26.7| 26.4| 28.7| 21.3| 25.2126.80 





271 0.905335 |-0.98\02.37| 2066 yor 31.6| 24.5| 27.6| 27. 7/2744 





29|68.95| 6091|-5.60|-3.38|-4.10| 17.50| 5\| 31.0) 273 | 11. 0|e6.34 





30]-9.3/|/2.13 |\25395 7.25\4222 6.67|\-8.28 po 30.8] 31.9 |28.92 











38]-4.56|-2/6 |-0.53|-3.83 3680 8.95] 20/6) 509) 5.59] 25-6(28.02 





43] 85.99| 6.90|1056|5/.90| 2.86 9.54\2002/-3.18|68.95 202lo6 00 











V1} 16.99] 27.44} 31.71 | 31.46] 28.75] 24.33] 40.71| 3406) 27.65/50.42) 



































pare the original chromosome viability with the corresponding average in the 
right hand column). Except for two strains (WW 3 and WW 11) the same is true 
for WW. But the average for the controls (original chromosomes’ mean SF = 
32.1 percent, mean WW = 31.7 percent) is higher than the recombination aver- 
ages (intracrosses SF=27.99 percent, WW =28.74 percent, intercrosses = 27.75 
percent). Spassky et al. (1958) found this lowering of viability except in cases 
where control viabilities were quite low, and they explain this phenomenon as a 
regression of recombinants away from the higher viability of the chosen controls 
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TABLE 2 


Viability and variance of the recombination products of ten original chromosomes 
from White Wolf. For further details see Table 1 legend and text 


3 | 112/13 [14] 5 | is {ear} e5iarimM] 


ey: 31.0| 32.7| 32.4] 32.3] 30.9| 30.3| 28.0] 277| 28.2/30. 








l1]2z9 beeen, 32.2) 32.4 | 27.7) 31.8 | 32.4) 26.9] 29.9/ 31.0 |30.59 








[2] 3.33| 990) 52°81 26.2| 33.4| 18.5 | 29.7| 29.0) 31.9 | 27.2\29.20 





I3|-,a12 |-2.08|-6.96 ss 28.4| 28.0) 31.2| 276) 30.3| 27.6\2956 








141-1386) 6.87 |-1.31 | 9.67 by 28.4| 27.5| 287| 30.3| 30.5\29.68 





15|-0.36| 8.77 |36036 11.62 |\40,3; oa 27.6| 26.5| 29.1| 30.0/2787 





18] 7268) 10.8) |-10.20-8.63|-744 | 5.58 pod 26.0) 30.5) 13.4 |27.62 





Al) 11.17 | 2755|-3.92|-4.82|36.2/| 11.69 |-5.24| 9°8) 29.1| 25.7\2750 





25| 10.43| 9.36|-2.74| 3.55 | 1.34|37.93 |-4.92| 10.80) 727) 21.0/28.87 








31| 686|-5./7 |-5.58| 0.69| 6.19 | 9.90 189.33|52.69)2918|_28-226.06 





V | 2.08} 9.99] 38.06-0.79| 8.67/53.98 | 17.40] 15.11 | 21.66] 42.68 






































towards the mean viability of chromosome homozygotes in the wild population 
from which they were taken. These data from D. persimilis parallel those from 
D. pseudoobscura but show a slightly smaller effect: the average lowering of 
recombinants with respect to their controls (intralocalities together) in persimilis 
amounts to 3.52 percent, but is 7.38 percent for psewdoobscura from Mather and 
3.55 percent from Texas. 

Random samples of chromosome II homozygotes obtained from Mather 1951 
populations of pseudoobscura and persimilis give overall viabilities of 19.82 per- 
cent and 23.32 percent respectively with more than 100 chromosomes tested for 
each (DoszHansky and Spassky 1953). In the 30 strains of persimilis tested in 
preparation for these experiments before choosing 20 normals, the overall average 
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for SF was 19.0 percent and for WW 25.7 percent, or 22.35 percent for the two 
localities together, which agrees well with the earlier large sample of Dosz- 
HANSKy’s from Mather. 


Viability in interpopulational crosses 
The data given in Table 3 are the averages of ten homozygote viabilities per 
strain cross for recombination between SF and WW chromosomes. Means (M) 
for all tests in which a chromosome is involved are given along the bottom and 
right margins. 
The grand mean of 27.75 percent is very close to those means of the intrapopu- 
lational crosses, namely, 27.99 percent for SF and 28.74 percent for WW. It has 


TABLE 3 


Viability of recombination products of chromosomes derived from South Fork and White Wolf 
M = the mean viability of the recombination products from crosses in which a given 
original chromosome participated 


> © UY Ts r © & & 


4_| 10 | 12 | 21 | 25| 27 | 29| 30| 38|43| M 
u 3/289] 32.4) 32.5] 32.5] 22.9| 32.1/ 29.2| 26.9| 27.0/ 31.1 2955 











_, Il] 31.0 | 33.5] 30.3] 31.8] 22.1] 30.9) 35.6] 27.2| 26.0 2eale9.29 





© !2] 283) 24.3} 25.0] 31.7 | 31.2 | 32.7/ 33.0] 23.5/33.1 26.0jzeas 





= 13] 32.1 | 15.2] 24.1] 30.7/ 23.6] 15.9] 29.4/ 10.8| 30.7/ 25.9|23.841 





14] 27.1] 31.9] 24.8) 31.8] 275] 31.1] 30.5] 30.6/ 29.0] 22.7/2870 





1 IS| 30.0] 26.3) 25.1 | 32.8] 23.5] 23.8] 27.6] 31.1] 30.2] 26.2\2766 





Ses 18] 29.9] 32.9! 27.8| 29.1 | 26.7| 30.1| 30.0] 29.8/ 29.2/ 20.0\28.55 








21] 29.0] 28.1| 27.2] 26.7| 25.7| 31.0] 36.5] 27.8] 29.4 29.4\29.08 





25) 26.1] 29.3] 28.7] 29.8| 12.2] 30.2| 32.5] 34.4) 21.4 ae oye 





> 3!| 24.8] 30.3] 26.8] 26.8) 28.4) 21.8] 25.5) 32.2| 25.8| 10.4/25.48 
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28.72 |28.42/27.23|30.57 |24.38/27.96 |30.98.27.43)/28.18 |23.65)/27.75 
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been demonstrated (Spress 1950, and unpublished data) that populations of D. 
persimilis occupying the Yosemite transect may differ markedly in their adaptive 
genotypes on chromosome III though populations may have come from localities 
only 30 miles apart. It is then to be expected that even this short distance separat- 
ing SF and WW and the diversity of ecology in those areas allows for some genetic 
divergence between local populations. Nevertheless recombination products of 
chromosomes from the same or from different populations are not significantly 
different in viability, a fact which agrees completely with the situation in D. 
pseudoobscura. 

It is also interesting that in all cases except strains WW 3 and WW 11 the inter- 
locality recombination average effects were lower than their original chromo- 
some viabilities. These two strains displayed slight rise in their average effects in 
the intralocality effects as well. Of course both are relatively low in the control 
in comparison with other WW sirains. In other words, average effects that are 
displayed in intra- and interlocality recombination hold true for particular strains 
but not for others. This will be discussed in more detail below in the analysis of 
variance. 


Variance in the intrapopulational crosses 


Variances given in Tables 1 and 2 in italics have been computed for each group 
of ten cultures with recombination chromosomes and for each group of six cul- 
tures with original chromosomes. As in the preceding paper the crude mean 
square (U/) is obtained as the sum of squared deviations from the mean of each 
group divided by nine or by five, as the case may be, and is decreased by the 
binomial sampling error to give a residual variance (V) which represents that 
contributed by environmental plus genetic differences between cultures. 

In SF the average residual variance for each chromosome’s general effect on 
recombination is greater than the corresponding variance for replicate cultures 
of original chromosomes. The grand mean variance is 31.35 for recombination 
chromosomes while control variance average is 5.87. 

In WW the grand mean variance (20.89) is greater than the control mean 
variance (—1.40) also and by nearly the same amount, but there are three 
chromosomes here which do not show any detectable increase in variance after 
recombination (WW3, 13, and 18). 


Variance in the interpopulational crosses 


The residual variances due to genetic and environmental differences between 
interpopulational recombination are given in Table 4. The grand mean of 28.36 
falls between the two variance values of intrapopulational crosses. All the mean 
variances (V) are higher than their controls including the three WW chromo- 
somes mentioned above which produced less variance in their intralocality re- 
combination. Especially noteworthy is WW13 which had produced no positive 
genetic-environmental variance when crossed to other WW chromosomes, but 
produces the highest variance of any WW chromosome, when crossed to SF 
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chromosomes. Such an effect emphasizes the nonpredictability of a recombination 
product based on one set of data. A chromosome in recombination with one popu- 
lation produces an effect entirely different from what it produced with a second 
population. In contrast there are quite a few chromosomes that are consistently 
variance producers or uniformity producers between these experiments: SF43, 
25, 30, and WW31 seem to produce relatively high variances consistently while 
WW 18, 14, and 21 consistently produce relatively low variances both intra- and 
interlocally. 

There is then no significant difference in the amount of variance released by 
intralocal chromosomes in contrast with interlocal chromosomes. 


TABLE 4 


Variance (V) of the viabilities of recombination products of chromosomes from South Fork and 
White Wolf. V = mean variance within crosses involving a given original chromosome 


2. FF F ©.8 68 


4 {110} 12 | 21 | 25/| 27| 29/ 30/| 38| 43! V 
ie 3] 11.77 | 4.14 | 26.12| 14.78\69.33|-16./4|- 0.05-0.89 |38.29\ 0.89\24.82 








_5 I14128) 9.05) 0.45|-2.80|\99.32 24.53/22.18-10.18 \-1.46 | 4.7! |28.7/ 





12] 24.59|-7.96| 5.47|-2.53|-7.69 |-12.01 | 3.67| 3.13 \13.52\l27.87)/4.8/ 





S_ 13|64.0869.78) 41.38) 15.61) 11.53 70.29-8.32 128.32, 8.95| 77485791 





14] 7. 79 |-/./6| 6.64| 9.15 | 22.78) 6.67) -1.37\101.03|- 0.15 | 13.57 15.83 





151 16.78 |-0.94 23.97) 25.03\88.24)18.70)| 1.58\ 17.34) 4.92\6066\25.63 
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sz 25) 2748| 8.85| 33.77) 18.15 \243.9\-13.355| -6./1 |-9.86| 6.56 63.80\3732 
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Release of variability 


The magnitude of “real” variance in persimilis is of considerable interest for 
comparison with that observed in pseudoobscura: SF control chromosomes give 
a crude variance (U) between replicate cultures of 27.56. Their mean viability 
(32.10 per cent) gives a binomial sampling variance of 21.80, the difference of 
5.76 being a measure of “real” variance for SF controls. The average real vari- 
ance (V) for the ten control chromosomes is 5.87 + 4.21, which is the figure 
preferably used in later analysis. The original WW chromosomes gave the 
values: U = 20.16, mean viability = 31.67, binomial variance = 21.64, and 
V = —1.40 + 4.23. The V values for controls are not significantly different from 
each other or from zero. 

On the other hand recombination produces an average real variance in each 
experiment which is significantly greater than the control variances, namely 
South Fork intra V = 31.35 + 8.3, White Wolf intra V = 20.89 + 6.5, and inter- 
locality V = 28.36 + 5.3. While this increase in variance over the controls is 
significant, there seems to be no significant difference between the three values. 
Nevertheless in comparison with values obtained by Spassky et al. (1958) for 
pseudoobscura variances persimilis produces significantly less: the former shows 
an increase in variance of about 16 times its control average variance, while the 
latter shows an increase of only six times its control average variance. 

In terms of standard deviation and the range of viabilities obtainable, per- 
similis original chromosomes have an average o of approximately two and a 
grand mean viability of 31.8. In contrast recombinant chromosomes have a 
standard deviation close to five, a grand mean viability of 28.1, so that most re- 
combinants are likely to range from semilethal (about 18) to supervital (about 
38), or a range about two to three times that of chromosomes before recombina- 
tion. The distribution of viabilities for chromosomes tested is however bimodal, 
a fairly symmetrical distribution around a mode of approximately 29.0 and a 
second small mode just about zero (lethals and extreme semilethals). The incre- 
ment in range, then, is not so great and the probability of producing extreme 
phenotypes such as a lethal by recombination is much less than in pseudoobscura. 


Analysis of variance for mean viability 


Computation and tests of significance for variances are parallel with those in 
the accompanying papers. The results of the analysis of variance are summarized 
in Tables 5 and 6. Statistical methods are given in LEvENE (1959). 

The total variability of viability is separated into genetic and residual compo- 
nents. The former is further subdivided into genetic variability between crosses 
(between average effects of recombination arising from particular pairs of chrom- 
osomes) and genetic variability within crosses (magnitude of variance between 
ten recombinants from any pair of chromosomes). The remaining variability is 
subdivided into environmental variance and residual genotype variance (which 
can be estimated by control), and binomial sampling variance. 

The genetic component can be further subdivided into that produced by dif- 
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TABLE 5 


Analyses of variance 





On means On variances 





Description d.f F P (%) F P (%) 








South Fork intrapopulational cross 


Main effect 9, 35 0.96 40 -50 0.63 75 
Interaction 35.405 4.04 <0.1 6.23 <0.1 
Int. of int. 9, 35 1.06 25 -50 1.63 10 -25 
Within 405, 50 1.85 <0.1 3.86 <0.1 
White Wolf intrapopulational cross 
Main effect 9, 35 1.79 10 -25 2.67 1-25 
Interaction 35,405 2.83 <0.1 10.83 <0.1 
Int. ef int. 9, 35 4.05 0.1- 0.5 1.54 10 -25 
Within 405, 50 2.04 <0.1 4.69 <0.1 
Interpopulation cross 
SF main 9, 81 2.89 0.1— 10 2.44 1-25 
WW main 9, 81 1.92 5 -10 1.25 25 -50 
Interaction 81,900 3.87 <€0.1 3.55 <0.1 
SF int. of int. 9, 81 2.55 1-25 3.37 0.1- 0.5 
WW int. of int. 9, 81 9.17 2.5— 5 2.77 0.5- 1 
Within 900,100 2.02 <0.1 4.67 <0.1 





ferences between average effects which are additive and those which are non- 
additive, that is acting in “epistatic,” or nonadditive, ways upon recombination 
averages. 

In no case (except possibly the SF intercross) are the additive (main) effects 
significantly greater than zero, while in pseudoobscura the main effects, though 
slight, are sufficient to be significant. Nonadditive effects (interactions) are all 
significant in persimilis, on the other hand, and are of about the same magnitude 
as in pseudoobscura. 

Spassky et al. (1958) point out that even though additive effects are significant 
for pseudoobscura (that is, that “good chromosomes give good recombination 
products”), correlations between values for chromosomes under control, intra- 
and interconditions show little significance except that “chromosomes which 
give good recombination products in intrapopulational crosses tend to do so in 
interpopulational crosses also.” From Table 7 it can be seen that these correla- 
tions in persimilis are not significant (with the possible exception of the SF 
original—SF intercross correlation) a fact which underlines the unpredictabil- 
ity of the recombinational effect. 


The within crosses component (V minus [residual genotype + environmental 


effects], or V minus the control variance) is very highly significant and is larger 
(but not always significantly larger) than that between crosses, but as men- 


tioned above, it is about one half to one third that found in pseudoobscura. In 
other words, chromosome recombination products are varied but less so in 
persimilis. 








Or 
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TABLE 6 


Components of variance for means, M, and real variances, V. Bold face figures are estimates. 
Figures above and below them are approximate upper and lower 95 per cent confidence 
limits respectively. Values of within crosses and residual components for V are 
for comparison only (see text). All values have two significant figures 





Additive Non-additive Total 



























































between between between Within Total **Real’”’ Binomial Total 
Description crosses crosses crosses crosses genetic residual sampling residual 
Intra 5.7 30 ry 35 for 21 21 41 
SF 0 16 16 25.0 41 5.9 20 26 
0 8.3 a 11 Ae 0 19 19 
‘Intra (7.3 16 is 30 i@ 9.6 21 30 
Ww 1.2 7.6 8.8 22.2 31 0 20 20 
0 3.5 12 he 0 20 20 
= —- : z 
> SF 3.5 : ah is ae aa oh "i 
= 0.58 21 oe 32 ee 12 21 32 
7 inter ———— 4 19 30 49 2.2 20 22 
< 10 9.2 “ 18 23 0 20 20 
= ww 17 
0 
yh eae * as oo" 23 44 
SF 3.7 Ss 3.7 i 3.7 5.9 22 28 
0 21 21 
Me hoe oe fi As 9.6 22 32 
Www 3.1 a 3.1 nf 3.1 0 22 21 
0 21 21 
: 0 nS —_ ee 6.2 a es ai ‘ 3.7 
Intra 0 30 30 4.3 34 oe ay 1.5 
SF 0 18 a 3.0 :* vg ae .80 
same 65 x 4.2 as oe m 2.0 
Intra 0 37 37 3.0 40 di fs 0.89 
WW 0 23 sit | es e - .89 
S er 
= SF 2.05 aa a me re - 4 
4 0 20 ie 5.2 s ip es 2.3 
z Inter —— 13 15 4.1 19 “3 = 1.1 
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= Ww 0.094 
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TABLE 7 


Correlation between the means in different experiments for South Fork (above the diagonal) 
and White Wolf (below the diagonal) chromosomes 





Original Intra- Inter- 
chromosomes populational populational 
Original chromosomes 50 .62 
Intra-populational —.14 47 
Inter-populational AT 













Analysis of variance for variances 


As far as the components of variance for the real variances (V) are concerned 
(lower half of Table 6) the additive (main) component is again nonsignificant 
except for SF interpopulational crosses. On the other hand the nonadditive com- 
ponent in all three experiments is highly significant. It can be seen that the be- 
tween crosses components for variance are all much higher than the correspond- 
ing theoretical within crosses components, due to the magnitude of this inter- 
action component in every case. In pseudoobscura the nonadditive components 
were not consistently significant and the total between crosses variance com- 
ponent nearly equalled the within crosses theoretical variance component. In 
other words while the amount of variability released is not so great in persimilis 
as in pseudoobscura the amount that is observed can be largely attributed to real 
differences between chromosomes in determination of interaction effects. 

The additive F values for variances of Table 5 were calculated by nonpara- 
metric methods, while the components given in Table 6 were calculated in the 
usual way. In general, agreement in nonsignificance between these two holds, 
except for the WW main effect F (2.67) which is significant yet that component 
in Table 6 is not significantly greater than zero. Apparently there is a significant 
component but its magnitude cannot be estimated by the usual methods, yet it 
probably is not very far from zero in any case. 

In Table 5 the interaction of interactions, or a measure of differences in the 
size of nonadditive effects for different chromosomes, or the predictability of the 
results for different chromosomes, is significant for viabilities WW intra- and 
both SF and WW intercrosses; and in both cases the nonadditive effects are sig- 
nificant. They are also significant for intercross variances. 

It is useful to make comparisons between inter- and intrapopulational cross 
components of variance in viability: There is a slightly smaller genetic com- 
ponent for WW intra- than either SF or the interpopulational crosses; and this 
drop is chiefly due to a smaller interaction (nonadditive) component in WW 
(7.6). WW chromosomes when recombined with other chromosomes from the 
same population produce slightly fewer differences in nonadditive viability al- 
though their average ability to produce recombination effects within crosses is 
not significantly less than other intra- or interpopulational chromosomes. It is 
certainly evident that no marked change occurs in the magnitude of recombina- 
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tional viabilities when chromosomes from different populations are crossed in 
contrast with crosses of chromosomes from the same population. 

In the components of variance for variances however there seems to be a 
slightly significant greater lowering of variance between crosses of chromosomes 
from different populations than between crosses from the same population (values 
of 15 vs. 30 and 37 respectively). The theoretical within crosses components are 
very close so that consequently the total genetic component for interpopulational 
variance remains less than for intrapopulational variances. In other words the 
genetic variances which come about through specific recombinations of particular 
chromosome pairs are slightly more different when the chromosomes come from 
one population than when they come from two different populations. SpAssKY 
et al. (1958), however, found that there were no significant differences either 
for the means of M and V or the components of variance of M and V in pseudo- 


obscura. 


Whether this minor difference between the results of persimilis and pseudo- 
obscura recombinational effects is of fundamental importance, it is premature to 
say. If it is important the proximity of localities from which flies were taken in 
persimilis might be a possible clue, though by no means an explanation of this 
difference. 


From inspection of Table 8 it can be seen that 19 out of 900 “intrarecombina- 
tion” chromosomes and 26 out of 1000 “interrecombination”’ chromosomes were 
lethal in homozygous condition (or 2.1 percent and 2.6 percent respectively). 


Numbers of lethal chromosomes obtained in different crosses together with mean viabilities and 
variances in cultures when the presence of lethals is disregarded 
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Lethal chromosomes 


TABLE 8 











Mean Variance 
Cross Lethals viability (residual 
SF4 x SF43 1 24.9 27.92 
SF12 x SF30 4 30.2 25.90 
SF29 x SF43 5 22.0 152.84 
SF38 x SF43 1 28.4 9.17 
WwWi12 x WW15 4 30.8 198.09 
wwis x WW31 3 19.1 157.71 
WwW25 x WW31 1 23.3 84.88 
SF10 x WW13 + 25.3 1.76 
SF25 x WW 3 2 28.6 32.72 
SF25 x WW25 6 30.5 —1.53 
SF27 x WW13 5 31.8 34.51 
SF30 x WW13 5 21.6 13 
SF38 x WW31 1 28.7 —4.21 
SF43 x WW12 1 28.9 51.08 
SF43 x WW13 1 28.8 —5.01 
SF43 x WW31 1 23.7 49.56 
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The means and variances of nonlethal cultures remaining out of ten cultures 
counted are also given in that table and can be compared with those in Tables 
1-4. Only seven intrapopulational and nine interpopulational crosses produced 
at least one lethal (or 8.4 percent of the 190 crosses made). 

It might be emphasized at this point that all control counts were made towards 
the end of the experiment. In one strain (WW3) which had been nearly finished 
at the time, the entire control count showed lethality and the strain had to be 
reextracted from the wild strain, tested, and crossed out again for recombination 
to all other strains. Undoubtedly such a change to lethality was due to point muta- 
tion, since the chromosomes were maintained in the balanced condition. On the 
other hand, since Spassky et al. (1958) have shown that it is likely that recom- 
bination between nonlethal complexes may engender homozygous lethal com- 
pounds in pseudoobscura, or synthetic lethals, it is important to weigh the evi- 
dence in persimilis for the likely origin of these lethal homozygotes. 

It has been shown that even if all interstrain F, heterozygous females carried 
a recessive lethal, the maximum number of crosses giving one lethal culture out 
of ten cultures counted would be two crosses out of 190. Since there were seven 
such crosses it is more likely that if the lethality is due to point mutation it must 
have occurred subsequently, namely in the F, males tested in those seven crosses. 
On the other hand there are one cross with two lethal cultures, one cross with 
three lethal cultures, three with four, three with five and one with six or a total of 
nine crosses which produced nearer expected 0.5 probability of sons carrying the 
lethal from a heterozygous mother. This distribution can be compared with an 
expected distribution among nine samples of ten each with p= % (disregarding 
the samples with one or no lethals). A chi-square test gives x*=2.44 with p=80 
percent. These can therefore be accounted for on the distribution following 
heterozygosity of the strain cross F, mother. 

The other seven single lethal crosses are more easily explained by mutation in 
the F,, sons tested. Out of the total number of sons tested how many are likely to 
have point lethals produced? Mutation rate on chromosome II in D. persimilis 
was measured by DoszHansky et al. (1954) at room temperature to be 1.31 per- 
cent per chromosome generation. There were 1900 F, chromosomes tested in 
which mutation at that rate was likely to produce an average of 25 lethals ap- 
pearing as one lethal containing culture out of ten. Perhaps one contributory 
factor to the low number of observed lethals might be the fact that numerous F, 
and F, crosses were made at 16°C, and lowered temperature slows the mutation 
rate. 

Lethality among the recombination chromosomes of persimilis, then, is not of 
any magnitude nor is it distributed in any way which cannot be explained by 
point mutation. From the general discussion of range (see “Release of variability” 
above) of viability it is not expected that many extreme phenotypes would be 
engendered by recombination in this species. 
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Nonlethal cultures 


If all observed lethal chromosomes (2.4 percent of the total) were produced 
by point mutation, the main changes in viability and variance would still be more 
or less the same. If these lethal chromosomes are disregarded in computation of 
means and variances, it can be seen that the general averages show little change. 
The new values would be as follows: 


Mean Viability (M) Variance (V) 
SF intralocaltiy 28.63% 22.17+ 5.58 
WW intralocality 29.19% 15.60+ 6.00 
Interlocality 28.52% 17.86+ 3.96 


The mean viabilities have all increased less than one percent, while the vari- 
ances have decreased in parallel but are still significantly greater than their 
controls. 

A recalculation of variance analysis on these data excluding lethals has not 
been done since they amounted to such a low percentage of the total. 


Recombination effects in two sibling species 


The more narrowly distributed and adapted species, D. persimilis, consistently 
displays less variability after recombination than its related species, D. pseudo- 
obscura. To what phenomena can this contrast be ascribed? 

Before discussing intrinsic differences between these species, we should look 
for contrasts between the experiments reported herein and in the paper of 
Spassky et al. (1958). The persimilis control chromosomes chosen were higher 
in viability than those in pseudoobscura. Very often those strains which showed 
lowest original viability gave greatest variance in persimilis; though that cor- 
relation was not tested for significance, it may be that if slightly lower viability 
chromosomes were chosen in persimilis a greater similarity with pseudoobscura 
might result. 

According to DopzHansky (1946, 1955) and Wat ace et al. (1953) who dis- 
cuss the balance theory of fitness which depends on high heterozygosity in a pop- 
ulation, such heterozygosity must be maintained by providing a variety of alleles 
at each locus on structurally homozygous chromosomes. Alleles preserved by nat- 
ural selection must give high fitness not only by allelic interaction (heterosis) 
but by nonallelic interaction, or compatibility between heterozygous loci as well. 
If a small sample of such chromosomes is allowed to recombine and homozygotes 
measured phenotypically, it may be reasonable to infer a relative estimate of 
heterozygosity from the magnitude of variability obtained. However, a measure 
of heterozygosity can be obtained simply by getting the frequency of recessives 
in a population. California populations of pseudoobscura and persimilis did not 
differ significantly in the frequency of lethals and semilethals (although the 
latter’s frequency was slightly lower than the former’s). Rather the interpreta- 
tion of less variability produced by recombination in persimilis may mean less 
epistatic interaction of nonallelic loci, though heterozygosity may be equal to that 
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in pseudoobscura, that is, recombination’s effect is less drastic and produces less 
extreme viabilities. If that is so, persimilis either has not yet evolved epistatic sys- 
tems as great as pseudoobscura or they are not as adaptively valuable to persimilis 
in the area sampled. 

It is important to remember that the epistatic effects on viability are selected 
for their superiority when most loci are heterozygous. The proper balance be- 
tween heterozygosity and epistatic effects between loci must be maintained. If 
persimilis can maintain heterozygosity equal to pseudoobscura without evolving 
equal epistatic interaction, either a higher mutation rate must exist in that species 
or recombination must be suppressed to preserve heterozygous blocks. The muta- 
tion rate is higher in persimilis; from the lack of structural heterozygosity on 
chromosome II in these species we may assume equal crossing over for them. On 
the other hand, if persimilis is really less heterozygous than pseudoobscura, less 
change would be expected from recombination: if more homozygosis exists, nat- 
ural selection should eliminate deleterious recessives and bad epistatic interac- 
tions in homozygous recombinants. Consequently from the observation that per- 
similis shows a less drastic recombination effect, a proportional decrease in hetero- 
zygosity is not necessarily to be inferred. 


SUMMARY 


Two samples of ten second chromosomes each of Drosophila persimilis were 
chosen for their near normal viability in homozygous condition from populations 
occupying localities in Yosemite National Park, California. 

A total of 1900 recombinant chromosomes from these original 20 were tested 
for viability effects in homozygous condition by an experimental plan exactly 
parallel with the preceding and the following papers. 

Recombinant viabilities are lower on the average than control viabilities, that 
is they regress toward the average viability of homozygotes in the populations 
from which they come. The range of viability observed among recombinants ex- 
tended from lethality to supervitality, but neither the number nor distribution 
of lethals is greater than or unaccountable by point mutation. This fact is in 
marked contrast with D. pseudoobscura which certainly produced some lethals 
“synthetically”, that is by recombination. 

Analysis of variance shows a significant increase in the genetic components of 
variability especially in interaction (nonadditive) effects on viability and vari- 
ance differences over their controls. None the less, the magnitude of this array of 
variance (6 X the controls) is not as great as in the sibling species, pseudoobscura 
(16 X the controls). 

While it is known that both species are highly heterozygous, it is possible that 
the difference between them in these recombinant effects may be due to less 
epistatic interaction of nonallelic loci in persimilis than in pseudoobscura. On 
the other hand a real difference in amount of heterozygosity between these species 
may account for their differences in recombination effects. 
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= previous communications (MALoGoLowKIN and Poutson 1957; Matoco- 
LOWKIN 1958) a cytoplasmically inherited sex-ratio condition has been de- 
scribed in Drosophila willistoni and in D. paulistorum. In both species, certain 
females produce progenies consisting mostly or only of daughters. This capacity 
for the production of unisexual broods is inherited by their entire female prog- 
enies and is rot transmitted at all by the few exceptional male descendants that 
appear in some cultures. Many of the eggs deposited by sex-ratio females of D. 
willistoni are recognizably abnormal within two to four hours of oviposition; 
and there are reasons to suppose that these dying eggs represent the male zygotes, 
i.e. eggs fertilized by Y-bearing spermatozoa (MALOGOLOWKIN and PouLson 
1957). Although the sex-ratio condition is due to the nonchromosomal trans- 
mission of a causative agent, through the cytoplasm of the egg, it is not wholly 
independent of the influence of chromosomal genes. Crossing of sex-ratio females 
to males from strains of certain geographic origins results, after a few genera- 
tions. in an irreversible loss of the sex-ratio condition (MALOGOLOWKIN 1958). 
These strains evidently contain genes which are less favorable for the multipli- 
cation of the causative agent in the cytoplasm than are the genes of many other 
strains. 

The present article reports in detail the results of experiments which demon- 
strate that the causative agent of the sex-ratio condition may be mechanically 
introduced into the germinal materials of females of previously normal strains. 
Thus a female of D. willistoni may deposit the sex-ratio type of abnormal, invi- 
able eggs within about ten days after the injection into her abdomen of ooplasm 
from an abnormal egg of a sex-ratio female. Moreover, at least a portion of the 
female progenies of such females carry the causative agent of the sex-ratio con- 
dition in their eggs, and the condition is inherited through the female lines from 
there on with same persistency and regularity as in the original sex-ratio lines 
of females. 

MATERIALS AND METHODS 

The sex-ratio, or unisexual, strains used in the present investigation are those 
reported on by MALOGoLOWKIN and Poutson (1957) and genetically analyzed 
by MatocoLowkin (1958). They are derived from a fly collection at Bath, 
Jamaica, by Drs. W. B. Heep and M. WasserMan of the University of Texas. 


1 Permanent address: Faculdade Nacional de Filosofia, Universidade do Brazil, Rio de Janeiro. 
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This fly, a female, was observed by Mr. B. Spassky to yield an unisexual prog- 
eny. The resulting strain was back crossed repeatedly to a laboratory strain 
containing the sex-linked mutants eosin (w*), singed (sm), yellow (y), Incom- 
plete (Inc), and roughoid (ro), and their daughters in turn repeatedly back 
crossed to males of this strain. Except for a few males which appeared in the 
tenth generation of this backcrossing, the strain produced exclusively females. 
Other series of crosses and backcrosses were made to the autosomal recessive 
mutant pink (p) and to a wild strain derived from flies collected on the island of 
Barbados. Aside from a very few occasional males these progenies consisted of 
females only. These strains served as sources of eggs containing the sex-ratio 
causative agent. 

A study was made of the proportion of the eggs of sex-ratio and of normal 
strains which survive and give rise to adults. For this purpose three pairs of flies 
from a given strain were introduced into sterilized vials and given paper spoons 
with fresh Drosophila nutrient medium. Ovipositing females, about three days 
old, of the sex-ratio strains were used; and for controls, females of similar age 
from various strains of diverse geographic origins giving normal progenies. The 
flies were allowed to oviposit for about 12 hours after which the spoons with eggs 
were replaced by fresh spoons. The eggs on the spoons were examined every 
three to six hours and the larvae that hatched were transferred to creamers con- 
taining culture medium. Counts of eggs, pupae, and adult flies were recorded. 

For the injection experiments eggs were collected on spoons which were 
changed every four hours. The eggs were transferred into watch glasses contain- 
ing WappINGToN’s modified Drosophila Ringer’s solution. The eggs were washed 
in this with the aid of a pipette to clear them of adherent bits of yeast and 
medium. Most of the solution was then pipetted away and a few drops of a 
diluted Chlorox solution (equal parts Chlorox and Ringer’s solution) added to 
dechorionate the eggs. This action was watched under a binocular microscope; 
and as soon as the chorions became transparent Ringer’s solution was added and 
the eggs were washed repeatedly and thoroughly to remove all traces of hypo- 
chlorite. 

As previously reported (MALOGOLOWKIN and PouLson 1957) the abnormal 
eggs are characterized by increasing translucent areas at the time of blastoderm 
formation and so are readily distinguishable from normally developing zygotes 
and from unfertilized eggs. The microinjection apparatus used was that of RizK1 
(1953) which is most convenient and allows for rapid changing of micropipettes 
without danger of contamination. Abnormal eggs (three to six hours after oviposi- 
tion) were punctured with a micropipette and the ooplasm sucked out. The 
ooplasm was then mixed with a small amount of the Ringer solution in the watch 
glass and a portion taken back into the pipette for injection into the host female. 
The recipient females were kept lightly etherized. They consisted of one to two 
day old virgin females of the Recife-3 strain of D. willistoni which has always 
yielded normal sex-ratios. The suspension of ooplasm was injected into the abdo- 
men at about the level of the ovaries taking care not to pierce the gut. In each 
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instance about one third the content of an egg was injected. While an effort was 
made to keep the quantities as uniform as possible, there was obvious variability 
in some instances which were noted in the records. 

The injected females were left for several hours to recover in separate sterile 
vials, provided each with two males of the Recife-3 strain, and fed with honey- 
yeast mixture on spoons of Drosophila medium. The spoons were replaced every 
other day, the bit of food with the two day collection of eggs being transferred 
into a creamer containing fresh medium. This procedure was continued through- 
out the life of each female so that her entire progeny was obtained as a series of 
successive two-day broods. The creamers were kept under close observation and 
in some instances unhatched eggs were removed for examination. The numbers 
of females and males hatching on successive days in each of the creamers was 
recorded. 

Control experiments were carried through in precisely the same manner, ex- 
cept that ooplasm from unfertilized eggs laid by virgin females of the normal 
Recife-3 strain was utilized to inject other young virgin Recife-3 females. The 
injected controls all survived and all laid eggs. 

All experiments were carried out at 25°C and with humidity never less than 
50 percent in the incubator. 


Mortality among eggs of sex-ratio females 
To establish whether male zygotes are usually not formed, or die at some stage 
of development, it was necessary to examine mortality in normal and sex-ratio 
strains. Table I is a summary of certain data on the survival of eggs from several 
TABLE 1 


The survival of eggs in “sex-ratio” and in normal strains 








Percent Adult Percent 
Total Eggs eges —— total 
Strain eggs hatched hatched Pupae Females Males survival 
Control 1,141 987 86.5 962 431 359 69.2 
Sex-ratio 1,487 418 28.1 349 332 3 22.5 





normal and sex-ratio strains of D. willistoni obtained early in the course of this 
study. It is seen that a total of 1141 eggs from several normal strains yielded 790 
adult flies with a slight but significant preponderance of females. The percentage 
of eggs giving rise to adults under the conditions of experiment (which may not 
have been the most ideal for D. willistoni) was 69.2. However, the hatchability of 
eggs was 86.5 percent and the largest part of the mortality was clearly post- 
embryonic, chiefly in the pupal stage. In the case of the sex-ratio females mortal- 
ity is much higher and is confined almost completely to egg and early larval 
stages. From 1487 eggs only 335 adults, or 22.5 percent, came through and only 
three of these adults were males. The hatchability of eggs (about 28 percent) is 
strikingly below that of any normal strains. 
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At the time these counts were done no attempt was made to analyze the low 
hatchability in developmental terms. Subsequent examination of eggs laid by 
sex-ratio females showed that considerable numbers of unfertilized, or unfertiliz- 
able, eggs are almost always present in the collected sample. When these eggs 
are taken into account the proportions of normally developing to abnormal, dying 
eggs is usually close to 1:1. Examination of the ovaries of mature, actively laying 
sex-ratio females shows that numerous large ovarian eggs are clearly aberrant 
and presumably incapable of being fertilized. These appear to be the source of the 
numercus unfertilized eggs observed among the samples collected from many sex- 
ratio females. 

The developmental disturbance in the abnormal, dying eggs is very striking 
and led to the conclusion (MALOGOLOWKIN and PouLson 1957) that they repre- 
sent the missing male zygotes. If so, then these eggs ought to be a potent source of 
the sex-ratio causative agent. Accordingly the injection experiments were planned 
to test this possibility. 

An account of the developmental disturbances will be published separately. 


Progenies of injected females 


Table 2 presents the composition of the progenies of the fourteen Recife-3 fe- 
males (SR) which were injected with the sex-ratio ooplasm, survived the injec- 
tion, and were fertile. Table 3 presents the comparable data for the fifteen control 
females (UN) injected with the ooplasm of unfertilized eggs from other Recife-3 
females. 

It will be seen at once that the control females produced both daughters and 
sons as long as they remained alive and fertile. Even among the last eggs de- 
posited by these females the proportions of the two sexes remain close to 1:1. 
There is considerable range in the productivity among these females. Whether 
this be the result of the injection of the ooplasm or normal variability cannot be 
told in the absence of comparable data for an uninjected series of Recife-3 
females. There is no significant deviation from the normal sex-ratio here. 

A very different situation is observed in some of the progenies of the females 
injected with ooplasm from sex-ratio eggs. For some days following the injections, 
females, SR-1, SR-103, and SR-109 deposited eggs from which daughters and sons 
developed with the expected frequencies of about 1:1. However, between the 13th 
and the 17th days after injection SR-1 produced 72 daughters and 19 sons, and 
after the 17th day 127 daughters and only one son. SR-103 gave 206 daughters 
and 201 sons from the eggs deposited up to the 13th day following injection, and 
49 daughters and no sons thereafter. In the case of SR-109 there were 169 
daughters and 182 sons from eggs laid up to the 15th day followed by 51 daugh- 
ters and only four sons thereafter. The most striking case is that of SR-2 who from 
the beginning of egg laying on the third day gave in each brood a ratio of two 
daughters to each son for a total of 186 daughters and 75 sons through the 13th 
day, and thereafter to the 31st day 101 daughters and no sons. 

Thus it appears that at least four out of the 14 females injected with the 
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ooplasm from sex-ratio eggs have become infected with the sex-ratio agent and, 
after a period of some days begin themselves to deposit sex-ratio eggs. This in- 
terpretation was immediately confirmed by examination of samples of eggs laid 
by these females during the later days of oviposition. Numerous eggs of the type 
characteristic of the original sex-ratio strain were found; some were photographed 
and fixed for embryological and cytological study. The latter were from eggs 
deposited by female SR-1 during the period from the 25th to the 27th day follow- 
ing injection. 
Second generation progenies of the injected females 


It is now logical to inquire whether the females in the progeny of the injected 
mothers will themselves manifest any deviation from the normal proportions of 
the two sexes in their offspring. 

The number of females in the progeny of the injected mothers was obviously 
too great for them to be tested as fully as might be desired in the following gen- 
erations. Tests had to be made selectively, but even so the records are far too 
bulky for full publication. Table 4 presents a summary of the data for the prog- 
enies of the daughters of injected females (this is the second generation, the in- 


TABLE 4 


Second generation progenies of normal females injected with “sex-ratio” ooplasm. The numbers 
of daughters tested from different broods and the members producing unisexual 
progenies are shown. The letters in parentheses indicate the broods 
which were used from the third generation tests 
reported in Table 5 








Injected Days after Daughter Unisexual Injected Days after Daughter Unisexual 
emale injection tested progenies female injection tested progenies 
SR-1 3-5 14(A) 0 SR-3 11-13 5(L) 0 
SR-1 5-7 6 0 SR-3 15-17 4(M) 0 
SR-1 7-9 6 0 SR-5 3-5 2 0 
SR-1 11-13 7(B) 0 SR-5 7-9 11 0 
SR-1 13-15 4(C) 0 SR-5 9-11 4(N) 0 
SR-1 17-19 12 6(D) SR-5 11-13 7(O) 0 
SR-1 19-21 13 4 SR-9 7-9 5 0 
SR-1 23-25 11 4 SR-9 15-17 1 0 
SR-1 25-27 9 1 SR-12 3-5 6 0 
SR-1 29-31 4 2 SR-12 7-9 3 0 
SR-2 3-5 3(E) 0 SR-12 9-11 15(P) 0 
SR-2 5-7 11(F) 0 SR-12 29-31 2 0 
SR-2 7-9 1 0 SR-103 7-9 6(Q) 0 
SR-2 11-13 9(G) 0 SR-103 11-13 14(R) 1(S) 
SR-2 13-15 6(H) 0 SR-103 15-17 25(T) 21(U) 
SR-2 15-17 16(1) 8(J) SR-105 7-9 7 0 
SR-2 17-19 2 2 SR-109 15-17 6(V) 0 
SR-2 21-23 1 0 SR-109 17-19 5(W) 1 
SR-2 27-29 2 1 SR-111 27-29 2 0 
SR-3 3-5 1 0 SR-112 9-11 4 0 
SR-3 9-11 2(K) 1 SR-112 13-15 10(X) 0 
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jected females being the parental and their daughters the first generation). The 
test progenies were obtained by mating single females from the respective cul- 
tures with two brothers where available, or with two males from other cultures 
of the same experimental series, or with males from the Recife-3 stock. 

As shown in Table 2, the injected female SR-1 produced normal progenies, 
containing both males and females, for about 15 days from the beginning of egg 
laying. Table 4 shows that we tested 14 females from the brood produced be- 
tween the 3rd and 5th days after injection, six females from the brood of the 5th 
to 7th days etc. Examination of the progenies of the 37 females tested through 
the 15th day showed normal proportions of daughters and sons. However, in the 
broods which the injected female SR-1 produced between the 17th and 31st days 
after injection there were 127 daughters and one son (Table 2). Of these daugh- 
ters, 49 were tested (Table 4). These 49 progenies fall into two rather clearcut 
groups: 32 yielded essentially normal proportions of the sexes for totals of 1706 
2 2 and 1406 ¢ ¢; 17 yielded unisexual progenies which totailed 1160 ° @ and 
12 $ 6; and only two cultures which might be doubtful yielding, respectively, 
113 9 9 and 31 4 6, and 141 9 9:77 8 6. 

The injected female SR-2 produced progenies showing a ratio of about 
22:14 for the first 13 days following the injection and only unisexual prog- 
enies thereafter (Table 2). A total of 24 of her daughters produced before the 
13th day, and 26 daughters produced thereafter were tested. Table 4 shows that 
the former yielded bisexual progenies, while 11 of the latter gave only daughters. 
Among the 16 tested females from the 15th - 17th brood, eight yielded no sons, 
two gave about equal numbers of females and males, and six produced twice or 
more times as many daughters as sons. 

The injected females SR-3, SR-5, SR-9, SR-12, SR-105, SR-111, and SR-112 
continued to produce apparently normal broods for as long as they remained 
alive and fertile (Table 2). Of a total of 91 of their daughters tested all but one 
yielded approximately normal proportions of the sexes (Table 4). The ex- 
ceptional female, a daughter of SR-3, produced 16 daughters and no sons. The 
females SR-103 and SR-109 produced some, although small, unisexual broods 
toward the end of their reproductive lives. Table 4 shows that we were able to 
test 56 of their daughters and that 22 of these, all of them daughters of SR-103, 
yielded unisexual progenies. More precisely, the six females from the brood 
produced by SR-103 on the 7-9th days all gave normal progenies; of the 14 
females from the brood on the 11-—13th days, 11 gave normal progenies, one gave 
69 22 and no é 4, another gave 134 2 2:14 6 and a third 92 22:94 ¢; of the 
25 tested females from the brood on the 15—17th days, 21 gave few or no males 
and four gave ratios of 105 92:15 64, 194 22:38 64,116 22:40 ¢4, and 
74 2 2:37 8 8 respectively. 

The number of tested daughters from the control series was far fewer as it 
seemed more important to test for transmission in the injected series. We have 
records of tests of 37 females of the first generation of the control experiment 
(reported in Table 3) and have carried certain of these for a number of further 
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experiments. As expected all of these yielded progenies in which the proportions 
of the sexes closely approached 1:1. 


Third and fourth generation progenies of the injected females 


The data which have been presented show that the absence of males in the last 
broods produced by some of the injected females (Table 2) was not accidental. 
A part, but only a part, of the daughters in these unisexual broods yielded in 
turn unisexual, or near unisexual, progenies. The rule here is not as consistent 
as that for the original sex-ratio strain which says that daughters from unisexual 
broods always produce unisexual or near unisexual broods. In the present case 
some of the daughters from unisexual broods produce unisexual broods, others 
produce bisexual broods. Usually the females from bisexual broods of the in- 
jected females give bisexual progenies and their daughters continue to do so. 
There are some exceptions to this; for example, a single female from the bisexual 
brood produced by SR-3 between the 9th and 11th days following injection. This 
daughter (Table 4) produced a progeny consisting of 16 2 2 and no é ¢. In most 
cultures there is no doubt as to whether a given progeny is unisexual or not: 
either no or very few sons are produced, or the ratio of the sexes approaches 
equality. Only a small minority of cultures show an intermediate situation and 
these have been included in Table 4 among the nonunisexual progenies. 

It was clearly important to establish whether the proportions of the sexes be- 
came finally stabilized in further generations (third, fourth, and later) de- 
scended from the injected females. For this purpose some females were tested 
from the third generation broods marked by capital letters in the “Daughters 
Tested” columns in Table 4. The results of these tests for the third generation 
are presented in Table 5. The situation can be summarized as follows. The 


TABLE 5 


Third generation progenies of normal females injected with “‘sex-ratio” ooplasm. Numbers of 
females tested and numbers yielding unisexual progenies are shown. The letters 
designating the broods refer to the data reported in Table 4 





Second Second 





Injected generation Females Unisexual Injected generation Females Unisexual 
female brood tested progenies female brood tested progenies 
SR-1 A 3 0 SR-3 M 3 0 
SR-1 B 16 0 SR-5 N 15 0 
SR-1 C 18 0 SR-5 0 24 0 
SR-1 D 3 2 SR-12 P 27 0 
SR-2 E 1 0 SR-103 Q 1 0 
SR-2 F 24 0 SR-103 R 14 6 
SR-2 G 46 3? SR-103 S 1 1 
SR-2 H 33 1? SR-103 = 1 1 
SR-2 I 26 1 SR-103 U 39 11 
SR-2 J 30 9 SR-109 V 6 0 
SR-3 K 5 4+ SR-109 Ww 1 0 
SR-3 L 32 3 SR-112 xX 4 3 
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daughters from the normal-sexed broods (A.B.C,E,F,G,H,I,K,L,M,N,O,P,Q.R.,- 
T,V,W, and X, see Table 4) produced in the third generation mostly, but not 
exclusively, broods with normal ratios of the sexes (Table 5). The exceptions, 
some of them marked in Table 5 by question marks, deserve careful considera- 
tion. Thus, females of the brood G derived from SR-2 produced three cultures 
with 13 22:2 66,27 22:5 64, and 30 22:3 é 4. respectively. One female 
from brood H produced a culture with 41 2? 2:4 é é, anda female from brood I 
one with 84 22:0 é 6. Females from brood K produced cultures with 216 ? 2:0 
$6,247 22:0 646, and 194 29:11 44. Three of the females of brood L pro- 
duced cultures consisting of 123 22:0 66,119 22:0 64 and 205 22:04 64. 

The daughters from the unisexual broods tested (D.J,S, and U in Table 4) 
produced in the third generation either unisexual or bisexual progenies (Table 
5). In the cases of the larger numbers tested (J and U) the unisexual progenies 
amounted to nine out of 30 and 11 out of 39 respectively. Clearly the proportion 
of unisexual broods is much higher than in the majority of progenies derived 
from the bisexual broods, although in the case of brood X four out of five third 
generation progenies were unisexual. 

The fourth generation, although tested on a smaller scale, seemed to show a 
better stabilization of the recently acquired “sex-ratio” condition. For instance, 
a culture of the third generation (of SR-2 provenience, a culture of brood J, 
Table 5) produced 61 females and no males. From among these three were 
crossed to males of the normal strain Recife-3. They produced a total of 469 
females and no males. A strain was thus established which in each generation 
is maintained by crossing with males of the Recife-3 strain. At the time of writ- 
ing this strain is in the fourteenth generation, counting from the injected female. 
While no exact counts of flies produced have been kept, it is pretty certain that 
the progenies have been unisexual or nearly so, for in no generation have any 
males (except those used as parents) been observed. 


[As of March 1959, four transferred strains are still maintained with strong degrees of uni- 
sexuality (SR-2, SR-5, SR-12, and SR-103) on a Recife-3 background. ] 


From the brood U of SR-103 origin (see Table 5) 15 females from unisexual 
progenies were outcrossed to Recife-3 males. Their progenies (—fourth genera- 
tion) aggregated 2507 females and no males. From another culture of brood U 
which yielded a third generation of 149 22:11 ¢¢ (a case of an intermediate 
ratio) three females were tested and yielded a fourth generation which was uni- 
sexual and totalled 465 ° 2. From another culture with an intermediate ratio 
(125 22:25 66) four females were tested. These produced respectively the 
following progenies: 128 22:0 66, 128 92:1 6, 118 29:118 64, and 98 
22:95 36. 


Injections into adult males 


It seemed desirable for several reasons to test the effects of the sex-ratio agent 
on adult males. Accordingly a small but adequate series of injections of ooplasm 
from abnormal eggs of the original strain of sex-ratio females into young males 
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of Recife-3 were made. The experiments were carried through with controls in 
precisely the same manner as those with females except that no progeny tests 
were made. The results which are presented in Table 6 demonstrate that the 
sex-ratio agent is lethal to adult as well as to embryonic male zygotes. 

The conclusion is evident that the “sex-ratio” condition (—unisexual prog- 
enies) in Drosophila willistoni can be introduced by mechanical means into a 
strain of flies normally free from it, passed to further generations, and subse- 
quently incorporated as a regular feature of the hereditary system of this strain. 
The normal method of transmission in the “sex-ratio” strains is through an 
agent which has so far proved to be limited to the female germ line and is trans- 
mitted through the egg from mother to daughters. This agent produces a cata- 
clysmic disturbance of development in XY zygotes which is thus responsible for 
the appearance of unisexual progenies. Ooplasm from the degenerating XY eggs 
of females of the original “sex-ratio” strains provides a source of the agent which 
on introduction by injection into the abdomens of normal females becomes in- 
corporated through “infection” into a germ line previously free from it. 


TABLE 6 


Effects of injection of “sex-ratio” ooplasm into adult males of Recife-3; and controls 





No. surviving to: 











Series Ooplasmic donor HTost male No. injected 24hr. 48hr. 72hr. %6hr. 
Sex-ratio 3-6 hr. abnormal egg Recife-3 11 4 1 0 
Control 3-6 hr. unfertilized 

egg of Recife-3 Recife-3 10 10 10 10 10 
DISCUSSION 


That the infection is not 100 percent effective in all oogonia of both ovaries in 
all of the injected females is scarcely surprising. The remarkable thing is the 
comparative success of infection. The apparent inefficiency of artificial transfer 
compared with natural transmission in the original strains is perhaps to be ex- 
pected. It may be due to any, or a combination, of several factors. In the first 
place, the phenotypic expression (with the possible exception of SR-2 in Table 
2) of “sex-ratio” makes its appearance among the progeny of the injected fe- 
males only after a latent or incubation period. This period of from 10-14 days 
represents about one half the maximum reproductive life of a female, and some 
females (SR-5, SR-9, and SR-108 in Table 2) ceased reproduction close to this 
time. Furthermore, although an attempt was made to control the quantity of 
coplasm injected, and the site of the injection, there is no assurance that in each 
female the oogonia were exposed at the same time, or to the same quantity of the 
infective agent. 

As another expression of inefficiency might be taken the fact that only a frac- 
tion of the unisexual broods of females continue to transmit the capacity for pro- 
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ducing such unisexual broods. In fact, a majority of females relapsed to the 
production in subsequent generations of normal bisexual progenies. 

The extent to which the agent may be transmitted without phenotypic expres- 
sion, as indicated by certain instances of females from bisexual broods (see 
Table 5) who subsequently produced unisexual progenies, remains to be fully 
examined. This is a point of considerable interest in relation to a feature of these 
experiments to be discussed below. 

The decisive fact remains that in at least some of the lines of descent from the 
injected females the unisexual progenies become a trait which is inherited as 
faithfully, from the mother to her daughters, as it is in the original “sex-ratio” 
strain from which the transfers were made. 

It is necessary now to discuss in some detail a feature of the above experiments 
which is due solely to chance. In a preliminary experiment (not presented here) 
we injected “sex-ratio” ooplasm into females of a number of different normal 
wild strains with some indications of success. Most of the females who survived 
more than a few days produced large numbers of eggs, a relatively small propor- 
tion of which showed any normal development, the majority resembling the 
degenerating abnormal or “unfertilizable” eggs commonly found among the eggs 
of the original “sex-ratio” strains. With this favorable indication the more ex- 
tensive series of experiments reported in this paper were begun. At this time the 
most favorable culture for obtaining large numbers of virgin wild females proved 
to be one of the Recife-3 strain (derived from wild progenitors collected near the 
city of Recife, Brazil). Now it happens, as was demonstrated by the genetic 
studies of MALOGOLOWKIN (1958), that this strain is the least favorable for the 
perpetuation of the “sex-ratio” condition via the normal mode of transmission. 
The Recife-3 strain contains genes which disrupt the “sex-ratio” when females 
from a “sex-ratio” strain are repeatedly outcrossed to males of this strain. Indeed, 
an excellent therapeutic for the “sex-ratio” condition is to cross with Recife-3 
males! Thus it is probable that much of the inefficiency and irregularity in ex- 
pression and transmission which were encountered represent a direct reflection 
of this genotypic resistance. It is therefore likely that injection of “sex-ratio” 
ooplasm into females of the strains which were found (MALoGOLOWKIN 1958) to 
be genotypically more favorable for the perpetuation of the causative agent 
would result in easier “infection” and more complete transmission of the uni- 
sexual condition to the progenies of injected females. It might also lead to such 
high infections as not to allow for the production of any normal eggs, resulting 
in the laying of nothing but “unfertilizable” eggs. The preliminary experiments 
mentioned briefly above provide some evidence in this direction. 

The possession of an unfavorable genotype by the strain utilized in the ex- 
periments strongly suggests that other factors than these which were discussed 
above also came into play in the course of the establishment of the unisexual 
strains which we were able to derive in the later generations. While the intro- 
duction to and maintenance of the “sex-ratio” agent in a genetically favorable 
environment may be regarded largely as a problem of physical or mechanical 
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factors, an equivalent introduction to and maintenance in an unfavorable, or even 
hostile, genetic environment certainly involves problems of adaptation as well. 
In our case the “‘sex-ratio” agent has either produced changes in the host’s cyto- 
plasmically transmitted materials, or it has itself undergone mutation and subse- 
quent selection. Little is yet known about the ultimate nature of the agent except 
that it is submicroscopic, and we cannot say whether it may be a single type of 
particle or a mixed population in the original “sex-ratio” strain. Which of these 
possibilities may prove correct can scarcely be decided until further information 
becomes available concerning the agent and its mode of multiplication. The situ- 
ation here may have a good deal in common with the cyclic nucleocytoplasmic 
interactions reported by SoNNEBORN (1954) in Paramecium. 

Available evidence indicates that in the original “sex-ratio” strain synchroni- 
zation of multiplication of the agent with the other genetic materials of the host 
female is very close indeed. While occasional failure of the agent to become in- 
corporated into an egg allows for development of exceptional males, the fre- 
quencies of these and of bisexual females is not influenced by temperature as 
shown by MALoGoLowKIN (1958). It is quite possible that in the genotypically 
unfavorable strains the “sex-ratio” agent may be in strong ccmpetition with 
other particles normally present in the cytoplasm and in such an internal en- 
vironment may be more sensitive to external agencies, such as temperature 
which Maeni (1954) found to affect profoundly the “sex-ratio” condition in 
certain strains of D. bifasciata investigated by him. 

It is not profitable at present to speculate extensively concerning the nature of 
the causative agent of “‘sex-ratio” in D. willistoni. While comparison with certain 
viruses suggests itself, it is more appropriate to limit our comparisons primarily 
to instances in Drosophila. The classical case of sensitivity to carbon dioxide dis- 
covered and studied by L’Heritier and his collaborators (1946, 1947, 1951, 
1955) provides some interesting analogies. L’HErRITIER and pE Scorux (1947) 
demonstrated that the “genoid,” or virus which causes the heightened sensitivity 
to CO, can be transmitted from generation via the egg (also male gametes) or, 
artificially by injection of hemolymph or certain other organs of sensitive strains 
into previously resistant ones. While the parallel with “sex-ratio” in D. willistoni 
is close in most respects there are some interesting differences e.g., CO, sensi- 
tivity can be transferred by injection of hemolymph and other organs, but indi- 
cations are strongly that the “sex-ratio” agent is confined to the germ-line in 
females and is completely lethal in XY zygotes and adult males. 

Another parallel, already discussed by MALOGOLOWKIN (1958) is the situation 
in D. prosaltans in which the “sex-ratio” strain discovered by CavALCANTI and 
Fatcdo (1954) and analyzed by Cavatcanti, Fatcdo and Castro (1957) is 
perpetuated, or disrupted, depending on the presence or absence of certain nu- 
clear genes. The intriguing example of “sex-ratio” in D. bifasciata investigated 
by Maen (1953, 1954) while having some features in common with these dif- 
fers from all of them, as mentioned above, in being profoundly affected by tem- 
perature. In turn these cases suggest resemblances to the well known “Killer” 
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trait in Paramecium worked out in the now classical studies of SoNNEBORN 
(1943a, 1943b, 1951) and his collaborators (PREER 1948). 

In the cases both of CO, sensitivity in D. melanogaster (L’Heritrer 1951, 
1955) and the “Killer” character in Paramecium aurelia (D1prE. 1950) mutant 
forms of the cytoplasmic particles are known and have been extensively studied. 
It seems not unlikely that mutant forms of the “‘sex-ratio” agent of D. willistoni 
may be distinguished sufficiently to employ them in the type of analysis which 
Dipret (1950) and Hanson (1956, 1957) have used in cases of mixed popula- 
tions of the mutant forms of kappa. 

The significance of these various cases, including that of “sex-ratio” in D. 
willistoni, lies in the contribution they make toward a clearer understanding of 
the interactions of the various elements of the genetic systems which are respon- 
sible for transmission and expression of the pattern of development from genera- 
tion to generation. 


SUMMARY 


1. The “sex-ratio” condition, which has its origin in a single female of D. 
willistoni found in nature and subsequently maintained in a series of genetically 
derived strains, has been transferred by injection into adult females of a wild 
strain, Recife-3, of the same species previously free of this condition and produc- 
ing normal proportions of the two sexes. 

2. The unisexual progenies characterizing the “sex-ratio” strain arise through 
the action of an agent which is transmitted by the females to all their eggs and is 
lethal in all XY zygotes. 


3. Ooplasm from the lethal XY zygotes provides the effective agent which 
when transferred into the abdomens of females of previously normal strains may 
give rise to intermediate or unisexual broods among their progeny. 


4. The “sex-ratio” condition does not appear immediately in the progeny of 
injected females, but follows a latent period of 10-14 days (in those cases in 
which it is expressed) as demonstrated by analysis of successive two day broods. 


~ 


5. The “sex-ratio” condition is not immediately stabilized in the host strain 
for many females from unisexual broods fail to transmit the condition and some 
produce intermediate progenies. In certain instances unisexual progenies made 
their appearance in subsequent generations from the daughters of bisexual 
progenies. 


6. Stabilized unisexual strains derived from several of the injected females 
have been established and one has been maintained for 14 generations. 


7. The wild strain, Recife-3, in which the artificially produced unisexual con- 
ditions have been established is genotypically unfavorable for the persistence of 
the “sex-ratio” agent indicating that adaptation, presumably involving mutation 
and selection of the agent, occurred during the course of stabilization. 


8. The findings are discussed in relation to other cases of cytoplasmic in- 
heritance. 
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g Ronee is the third in a series of articles on release of genetic variability through 
recombination in three species of Drosophila. The previous articles have 
dealt with Drosophila pseudoobscura (SpassKy et al. 1958) and D. persimilis 
(Spress 1959). The present article is concerned with D. prosaltans. The ecologi- 
cal peculiarities of this species are pertinent. It is native exclusively in the 
tropics, while the other two species live mainly in the temperate zone. D. pseudo- 
obscura is widely distributed, very common, ubiquitous, and ecologically versa- 
tile; D. persimilis occurs in a much less extensive geographic area, and although 
it builds very dense populations in favorable habitats it is specialized to live 
chiefly in cool and humid locations; D. prosaltans is a rare form, which reaches 
considerable population densities only ephemerally in few scattered neighbor- 
hoods (DoszHaNsky and Pavan 1950). The spontaneous mutation rates for 
autosomal lethals are, at similar temperatures and in homologous chromosomes, 
about twice as high in D. persimilis and D. prosaltans as they are in D. pseudo- 
obscura (DospzHANsky, Spassky and SpassKy 1952, 1954). The genetic loads 
carried in the populations (accumulated recessive lethal, semilethal, and subvital 
gene complexes in the chromosomes) seem nevertheless to be higher in D. 
pseudoobscura than in D. persimilis or in D. prosaltans (DoszHANsky and Spas- 
sky 1953, 1954). In accordance with this, the loss of fitness produced by inbreed- 
ing and homozygosis for naturally occurring gene complexes is greater in D. 
pseudoobscura than in D. persimilis or in D. prosaltans. It is tempting to specu- 
late that the adaptive norm of D. pseudoobscura depends upon balanced heterozy- 
gosis to a greater extent than is the case in D. persimilis and in D. prosaltans. In 
other words, the genetic architecture of D. pseudoobscura approaches that postu- 
lated by the “balance” hypothesis. while the genetic architectures of the other 
two species incline relatively more towards the situation envisaged by the 
“classical” hypothesis (DoszHAaNsky 1955). 


Material and technique in Drosophila prosaltans 


The experiments have followed the same plan as those with D. pseudoobscura 
and D. persimilis (Spassky et al. 1958, Spress 1959). Ten second chromosomes, 
permitting normal or subnormal viability in homozygotes, were extracted from 

1 The work reported in this article has been carried out under Contract Number AT-—(30-1)- 
1151, U. S. Atomic Energy Commission. 


* This research was sponsored by the Office of Naval Research under Contract Number Nonr- 
266 (33), Project Number 042-034. 











76 TH. DOBZHANSKY, et all. 


a sample of D. prosaltans collected in May, 1954, at Pirassununga, in the state of 
Sao Paulo, Brazil, by Pror. C. Pavan and kindly sent by him to our laboratory. 
These chromosomes will be referred to below, for brevity, as “Pira” chromo- 
somes. Another set of ten normally viable to subvital second chromosomes was 
extracted from the sample of flies kindly collected for us in April, 1954, in the 
vicinity of Rio de Janeiro by Drs. H. Burta and C. MatocoLtowkin. These 
chromosomes will be referred to as coming from “Rio.” The techniques of testing 
the chromosomes of D. prosaltans for viability effects have been described by 
DoszHANsky and Spassky (1954). The 20 strains containing the original chro- 
mosomes used in the present experiments (ten Pira and ten Rio strains) were 
kept in homozygous condition in a constant temperature room at 19° C. 

All the possible intercrosses of the 20 strains were made. Females carrying a 
given pair of the original chromosomes were then outcrossed to males which 
carried in one of their second chromosomes the dominant mutant Lobe (eye 
shape, see Spassky, ZIMMERING and DoszHaNnsky 1950). Ten Lobe males were 
taken from each progeny, and crossed, in individual cultures, to females which 
carried in one of their second chromosomes the dominant mutants Plum, Star, 
and Curly (Pm S Cy). In each progeny, about five pairs of females and males 
showing the effects of the genes Pm, S, and Cy were selected and inbred. In the 
next generation, exactly 100 flies were counted in each progeny, and the num- 
bers of Pm S Cy and wild type flies were recorded. The Pm S Cy chromosome 
carries a complex inversion which suppresses most of the crossing over. All the 
cultures in which counts were made were raised at 25° C. 


Viability of the original and the recombination chromosomes 


The experimental data are summarized in Tables 1-4, which are constructed 
exactly like the comparable Tables for D. pseudoobscura and D. persimilis 
(SpassKy et al. 1958, Spiess 1959). The strain numbers are shown on the top 
and the left margins of the tables. Roman type above and to the right of the di- 
agonals in Tables 1 and 2, and all the figures in Table 3, are the mean numbers 
of wild type (non-Plum-Star-Curly) flies in the test cultures of the recombina- 
tion chromosomes. Italic type numerals below and to the left of the diagonals in 
Tables 1 and 2, and all the figures in Table 4, give variances of the numbers of 
wild type flies in the ten cultures testing viabilities in homozygous condition of 
the recombination products of a given pair of original chromosomes. The figures 
on the bottom and the right margins in the four tables are the mean viabilities, 
or the mean variances, of the recombination products in which a given original 
chromosome has participated. Finally, the squares along the diagonals in Tables 
1 and 2 give the mean viabilities (Roman) and variances (italics) of the homo- 
zygotes for the ten original chromosomes from Pirassununga and from Rio de 
Janeiro. The original chromosomes were tested (or, rather, retested) at the con- 
clusion of the experiments on the recombination products, each original chromo- 
some in sextuplicate, and the figures in the squares along the diagonals are based 
on the data obtained in these retests. All the variances are the residual variances 
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(V), obtained by subtracting the binomial sampling error from the crude vari- 
ance (U). 

The mean viability of the homozygotes for the ten original Pira chromosomes 
(Table 1) is 30.53, and for the ten original Rio chromosomes (Table 2) 33.11. 
According to DospzHaNsky and Spassky (1954), the mean viability of the 
homozygotes for a random sample of second chromosomes extracted from natural 
populations of Drosophila prosaltans is 21.3, while the normal (control) viability 


TABLE 1 


Viability (Roman type numerals above and to the right of the diagonal line) and variance (italic 
numerals below and to the left of the diagonal) of the recombination products of ten 
original chromosomes (nos. 13, 15 . . . 55) from Pira. M and V = mean viability 
and mean variance of the recombination products of the crosses in which a 
given original chromosome is a participant. The squares along the 
diagonal show the viability (Roman) and the variance (italic) 
of the original chromosomes. Further explanation in text 


13 [15 ]48|49|58|69|]72 |78 |82]55|M 








}3 | 295] 289) 30.0| 29.0/23.0} 30.0] 27.8 |32.0]26.1/30.7| 28.6 
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is 33.85. The original chromosomes utilized in the present experiments are, thus, 
normally viable to mildly subvital in homozygotes. 

The mean viability of homozygotes for the recombination products of these 
original chromosomes is markedly lower than that of the original homozygotes 
themselves. The figure for the recombinations of the Pira chromosomes (grand 
mean) is 27.88, for the Rio chromosomes 28.12, and for the interpopulational 
crosses (Pira X Rio) 28.27. It is evident, then, that in D. prosaltans, as in D. 
pseudoobscura and D. persimilis, the recombination between chromosomes which 
give homozygotes of better-than-average viability leads to depression of the 
recombinants towards the mean viability of the homozygotes for randomly 
chosen chromosomes in natural populations of the species. It is interesting to note 


TABLE 2 


Viability and variance of the recombination products of ten original chromosomes for Rio. 
For further details see the legend to Table 1 and text 
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that this regression is apparently less pronounced in D. prosaltans and in D. 
persimilis than in D. pseudoobscura (see below). 


Variance engendered by recombination 
The mean residual variance (V_) for the original chromosomes turns out to be 
5.6 for the Pira chromosomes, and —3.6 for the Rio chromosomes. In D. prosalt- 
ans, like in the other species, this residual variance is contributed to by the en- 
vironmental differences between the six replicate test cultures, and by the pos- 
sible accumulation of mutations in the strains in which the original chromo- 


TABLE 3 
Viability of the recombination products of chromosomes from Pira and from Rio. M = the mean 


viability of the recombination products of the crosses in which a given 
original chromosome is a participant 


P 1 R A 
I3 | J5 148 [49 168/69 |72178 | 82 |55 


F<) 





22| 33.3] 30.9 | 27.4] 18.2 | 30.6 | 25.1} 16.7 | 30.5} 30.3 | 26.2) 26.9 





9 0} 30.4] 33.9] 25.9] 27.3} 31.7 | 29.7) 30.1] 31.2 | 30.4] 37.4} 30.8 





JO5} 34.8) 24,4} 31.2 |32.2| 34.6] 34.8] 35.0] 20.6 | 32.4] 29,2) 30.9 





JJ] 31.0] 32.9] 34.1] 26.1] 31.4]32.7] 33.5] 33.0| 33.6| 31.0] 349 





© |221 26.4] 7.6 | 31.0] 200] 31.3] 9.1 | 248] 24.2] 27.4] 29.3} 23/ 





— |27| 29,4) 34,5] 23.3] 14.2] 29.5|32.9]34.6| 31.7 | 15.8] 27.5} 273 





& |42} 33.3)33.8) 23.2) 20.5) 32.8] 34.9) 33.6] 36.5 | 33.6] 34.1) 3.6 





| 58) 34.2)35.4) 32.2) 31.9 | 28.4) 12.9] 16.6/36.9 | 20.3) 17.8 |26.7 





]90}35.6] 29.9] 26.8] 25.1] 27.2| 23.4) 28.2) 14.4] 27.2] 27.0) 26.5 





232 19.0 | 31.6 | 30.2] 30.6] 29.8] 30.8]29.5] 31.4 | 26.4) 9.6 | 26.9 








M 30.7| 29.5) 28.5) 24.6| 26.9) 30.7 | 26,6| 28.3 | 29.0)27.7 
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somes were perpetuated during the course of the experiments. It is evident that 
this residual variance for the original chromosomes is not significantly different 
from zero. 

The variances for the recombination chromosomes is considerable. The mean 
for the recombination products of Pira chromosomes turns out to be 36.5, and 
for Rio chromosomes almost twice as large, 67.7. The interpopulational crosses 
give a variance intermediate between the two groups of the intrapopulational 
crosses, namely 53.4. Inspections of Tables 1, 2, and 4 shows that some of the 
original chromosomes seem to yield recombination products more varied in via- 
ability than do other chromosomes. Thus, the mean variances of the recombina- 


TABLE 4 


Variance of the viabilities of the recombination products of chromosomes from Pira and from Rio. 
V = mean variance in the crosses in which a given original chromosome participates 


yr. -3. 82 -# 
J3 | 15 148 [49 |68]69|]72]78 |}82/55]| V 





22) 24.9| 23.2) 17.9) /75 | 4./ | 49.5) 225.21 62.9| 6.0 | 24.4) 45.6 
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tion products in which the chromosomes Pira-13 and Pira-68 participate are 18.6 
and 17.6 (Table 1), while Rio-122 and Rio-190 yield respectively 113.1 and 
117.8 (Table 2). Since the residual variance for the original chromosomes is 
very low, almost the entire variance observed among the recombination products 
is engendered by recombination. 


The release of variability 


The statistical analysis of the data for Drosophila prosaltans is given in Tables 
5 to 8. The organization of these tables is the same as that in the papers dealing 
with D. pseudoobscura and D. persimilis, and does not require any special com- 
mentary. Accordingly, in this section and the following one the results for all 
three species will be compared. 

The real residual variability as given by V for the original chromosomes is in 
all cases negligible, with a grand average for all three species of 2.4. The vari- 
ability released by crossing over can be estimated either from V for the crosses 
or from the component of variance within crosses, which differs from V only by 
the subtraction of the negligible V for the original chromosomes. For D. prosal- 
tans the value of V is 68 for the Rio intrapopulational crosses, 36 for the Pira 
intrapopulational crosses, and the intermediate value of 54 for the interpopula- 
tional crosses. The problem of interpretation of such tests as that for the differ- 
ence between the two intralocality crosses is discussed in the fourth paper of this 
series (LEVENE 1959). For testing whether the two particular sets of chromo- 
somes used differ significantly, the F ratio of the two sets of U’s is 1.53 which is 
highly significant. However, for testing whether there are real differences be- 
tween the localities themselves a Student’s t test is more appropriate and gives a 
P value of about 0.05. 

Taking D. pseudoobscura and D. persimilis alone, there would seem to be a 
very significant difference between the amount of recombination obtained. How- 
ever, we must consider this in the light of the difference found betweeen the two 
localities for D. prosaltans. It should be noted that D. prosaltans from Rio gives 
a V closely comparable to that for D. pseudoobscura, whereas D. prosaltans from 
Pira is comparable to D. persimilis. Accordingly it seems evident that the es- 
sential thing is which particular localities were chosen for each species and the 
rigorous test for differences between species would then be an F test based on 
two observations (two intrapopulational crosses) for each species. It is not clear 
how the interpopulational crosses could be used in this test since they do not 
represent an independent third locality; but since the interpopulational crosses 
give results usually intermediate between the two intrapopulational crosses, it 
seems better to ignore them for the present purpose. The test using the intra- 
locality crosses gives F = 3.53 with 2 and 3 degrees of freedom which is not 
significant, P being between 10 and 25 percent. 


Results of the analysis of variance 
The results of the analysis of variance are given in Tables 5 and 6, of which 
Table 6 is the more interesting. We will first discuss the analysis of variance for 
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the means. For D. pseudoobscura, there is, in every case, a moderate but signifi- 
cant additive component between crosses, and a somewhat larger, also significant, 
nonadditive component between crosses, but the total between crosses variance 
component is only about one third the size of the within crosses component. On 
the other hand, for D. prosaltans none of the additive between crosses components 


TABLE 5 


Analyses of variance 





On means On variances 
Description df. ; P (2 F y 


Pirassununga intrapopulational cross 


Main effect 9. 35 0.69 50 -75 0.70 50 -75 
Interaction 35.405 3.11 <0.1 3.14 <0.1 
Int. of int. 9, 35 26 25 -50 2.29 2.5 - 5 
Within 405, 50 2.19 —on6|(lCU!lt( (a RR aes 
Rio intrapopulational cross 
Main effect 9. 35 1.72 10 —25 1.06 95 50 
Interaction 35.405 3.63 <€0.1 5.60 <€0.1 
Int. of int. 9, 35 0.70 50 -75 4.28 0.05— 0.1 
Within 405. 50 4.26 ee. | 9 wee = Pees 


Interpopulational cross 


Pira. main 9, 81 0.94 50 0.47 75 -90 
Rio main 9, 81 2.18 9.5-— 5 1.65 10 -25 
Interacticn 81.900 5.25 <€0.1 5.00 <0.1 
Pira. int. of int. 9. 81 0.36 90 -—95 1.54 10 —25 
Rio int. of int. 9, 81 0.40 90 -95 0.81 50 75 
Within 900.100 3.44 ae hl OF Se de 





are significant; but the nonadditive components are somewhat larger so that the 
total variance between crosses is about the same as in D. pseudoobscura. On the 
other hand the within crosses component for Rio is about the same as D. pseudo- 
obscura, while for Pira this component is much smaller. Finally. for D. persimilis 
only one of the additive components of variance is significant, and even that one 
is extremely small, while the nonadditive components are comparable in size to 
those obtained for D. pseudoobscura. Consequently the total between crosses 
variance for D. persimilis is somewhat smaller than that for the other two species. 
Futhermore the component within crosses is relatively even smaller and is on the 
average only about twice the component between crosses. The real residual 
component of variance is. of course, small for all localities tested, while the bi- 
nomial component. being a function of the mean, whose total variation for the 
crosses is only between about 20 percent and 30 percent, is more or less constant 
throughout. The component of variance between chromosomes for the original 
chromosomes has no biological meaning since these chromosomes were chosen 
arbitrarily, but has importance only for purposes of comparison with the additive 


between crosses components. These two components are usually of comparable 











VARIABILITY THROUGH RECOMBINATION 83 


TABLE 6 


Components of variance for means, M, and read variances, V, bold face figures are estimates. 
Figures above and below them are approximate upper and lower 95 per cent confidence 
limits respectively. Values of within crosses and residual components for V are 
for comparison only (see text). All values of V have been divided 
by 100. All values have two significant figures 
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size except in a few cases where the variation between original chromosomes is 
greater than the additive variance for the derived chromosomes. 

The comparability of the variance component between chromosomes for the 
original chromosomes and the additive component between chromosomes for the 
crosses suggests that the correlations between the means for chromosomes under 
different conditions be examined. Table 7 gives these correlations for D. pro- 


TABLE 7 


Correlation between the means in different experiments for Pirassununga (above the diagonal ) 
and Rio (below the diagonal) chromosomes 





Original Intra Inter- 
chromosomes populational populational 








Original chromosomes —0.46 —0.15 
Intrapopulational 0.67 0.65 
Interpopulational 0.59 0.49 





saltans. The general picture of these correlations is the same for all three species. 
but does depend somewhat on the kind of comparison being made. Accordingly, 
all the correlations for the six localities (two for each species) have been combined 
using Fisher’s z transformation. The average correlation of means of the original 
chromosome with their effects in intrapopulational crosses is 0.03 with confidence 
limits —0.24 and +0.29. The average correlation of the means of the original 
chromosomes with their effects in interpopulational crosses is 0.26 with confi- 
dence limits of 0 and 0.49, while the average correlation between the additive 
effects of chromosomes in intra- and interpopulational crosses is 0.57 with con- 
fidence limits of 0.37 and 0.73. The average of all the correlations is 0.30 with 
confidence limits of 0.16 and 0.47. The difference between the correlation of the 
original with intra- and the correlation of the original with the interpopulational 
crosses is not significant, but each of these is significantly different from the cor- 
relation between the intra- and interpopulational crosses. Nevertheless, even this 
latter correlation is not very large. Thus the general picture is that there is very 
little connection between the way a chromosome behaves originally and its aver- 
age effect in crosses with other chromosomes, but that there is a greater, though 
not very striking, relationship between the way a chromosome behaves in intra- 
and interpopulational crosses. 

We come now to the analysis of variance of the variances, V. The additive be- 
tween crosses variance is small and not significant, except for the effect of White 
Wolf in intrapopulational crosses and of South Fork in interpopulational crosses 
in D. persimilis, and a significant effect of moderate size for Texas in intrapopula- 
tional crosses for D. pseudoobscura. On the other hand, there is a significant non- 
additive component of variance between crosses, of moderate to large size, for 
every cross except the Texas intrapopulational cross for D. pseudoobscura. In 
other words, there are substantial differences in the amount of variability re- 
leased for different crosses, but there is no particular pattern to these differences. 
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The observed differences are considerably larger than could be explained merely 
by the sampling variability of the estimates themselves. 


Lethal recombination chromosomes 


Some of the recombination chromosomes, both in the intra- and in the inter- 
populational crosses, were lethal in double dose. A list of the crosses which pro- 
duced such lethals, with numbers of the lethal chromosomes in each cross which 


TABLE 8 


Numbers of synthetic lethal chromosomes obtained in different crosses, and means and variances 
of viability (percentages of wild type flies) in cultures containing nonlethal chromosomes 


P — Pirassununga, R = Rio 





Viability Viability 





Cross Lethals Mean Variance Cross Lethals Mean Variance 
P15 x P82 3 27.0 —12 P49 x R 122 3 28.6 —14 
P49 x P55 3 28.7 22 P 49 x R 127 5 28.4 23 
P49 x P72 < 26.6 12 P55 x R127 1 30.6 24 
P49 x P78 1 29.0 98 P55 x R 158 5 35.6 —13 
Psa x POO 1 18.0 20 P55 x R 232 5 24.0 58 
R22 x R127 1 25.7 49 P68 x R 190 1 30.2 73 
R22 x R158 1 33.8 20 P69 x R 122 6 22.8 55 
R90 x R190 6 27.5 7 P69 x R 158 5 25.8 29 
R90 x R232 2 26.8 37 P69 x R190 2 29.3 + 
R 105 x R 122 + 29.5 72 P72 x R2 4 27.8 38 
R 105 x R 127 1 27.6 32 P72 x R122 1 27.6 9 
R 105 x R 190 5 32.2 213 P72 x R 158 4 27.7 196 
R 118 x R 122 4 31.8 81 P72 x R190 1 31.3 1 
R 122 x R127 3 29.7 —5 P78 x R 105 1 22.9 161 
R 142 x R190 5 34.8 —7 P78 x R190 4 24.0 37 
Pi3 x R232 3 27.1 —1 P78 x R232 1 34.9 2 
Pt <8 122 7 25.3 33 P 82 x R 127 5 31.6 27 
P48 x R127 1 25.9 —+ P 82 x R 158 4 33.8 63 





yielded them, is given in Table 8. A test culture which contained a lethal chromo- 
some produced, of course, 100 Pm S Cy flies and no wild type flies. Table 8 shows 
also the mean viability (the mean percentages of wild type flies) of the recom- 
bination chromosomes which did not act as lethals, and the variances of these 
viabilities. These figures may be compared with those in Tables 1-4, which show 
viabilities and variances of recombination chromosomes including the lethals. 

In all, 45 out of 900 recombination chromosomes in the intrapopulational, and 
64 out of 1000 in the interpopulational crosses, were lethal in double dose; 15 
intrapopulational and 20 interpopulational crosses produced at least one lethal. 
With all the crosses combined, we have 5.7 percent lethals among the 1900 
chromosomes tested, and 18 percent of the crosses giving at least one lethal re- 
combinant. 

The question now arises as to whether all the observed lethals can be explained 
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as point mutations or whether some, at least, must be synthetic lethals arising 
purely by recombination between nonlethal chromosomes. For D. pseudoobscura 
synthetic lethals were proven by an excess of crosses with two or three lethal re- 
combinant chromosomes. This was very improbable if all the lethals were point 
mutations, but could occur with synthetic lethals, since the percentage of syn- 
thetic lethal derived chromosomes in a given cross is not subject to hard and fast 
rules. 

The distribution of crosses with lethal chromosomes for D. prosaltans is 12 
crosses with one lethal, two with two, five with three, six with four, seven with 
five, two with six, and one with seven lethals, out of a total of 190 crosses. This 
distribution does not differ significantly from what could be expected from point 
mutations with a suitable mutation rate; on the other hand there is nothing to 
prevent such a distribution if, in fact, some of the lethals were synthetic. From 
this data an estimate of about 0.01 for the point mutation rate per generation can 
be obtained. Since most of this mutation would be occurring at 19°C, this estimate 
is quite high compared to the estimate of 0.0047 at 25°C obtained by DoszHan- 
sky, SpassKy and Spassky (1952). Such a comparison between experiments 
carried out at different times and under different conditions must be viewed with 
caution, but it suggests that synthetic lethals may be contributing to the apparent 
excess of lethals in the present experiment. 

For D. persimilis very few \ethals were observed, and thus little could be said 
about their distribution; however the fact that so few lethals were observed sug- 
gests that there were few if any synthetic lethals in this species, particularly as 
DoszHansky, Spassky and Spassky (1954) found a spontaneous mutation rate 
in this species at 25°C of 0.013, the highest of the three species. 

Finally it may be noted that there is still other evidence for the presence of 
synthetic lethals in D. prosaltans. If a chromosome produces many lethal recom- 
bination products when it undergoes crossing over with other chromosomes, it 
seems simplest to suppose that the strain in which this chromosome is perpetu- 
ated has acquired a lethal by point mutation. Yet even such lethals may be shown 
to be synthetic. Table 8 shows that the chromosome Rio-122 of D. prosaltans has 
yielded 28 lethal recombination products in seven out of the 19 crosses in which 
it participated; one of the crosses, Rio 122 x Pira 15, gave seven lethal chromo- 
somes out of the ten tested. It was suspected that the Rio-122 strain carries a re- 
cessive lethal mutant. Flies from this strain were, accordingly, crossed to Lobe 
and Plum Star Curly flies, a new viable homozygous Rio-112 strain was isolated, 
and all the interpopulational Pira x Rio-112 crosses were repeated. The numbers 
of lethal recombination products out of the ten examined in the original test and 
in the retests were as follows: 


Cross Test Retest Cross Test Retest 
Pira 13 X Rio 122 6 0 Pira 69 X Rio 122 6 0 
Pira 15 X Rio 122 7 7 Pira 72 X Rio 122 1 0 


Pira 48 x Rio 122 1 0 Pira 78 X Rio 122 0 0 
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Pira 49 x Rio 122 3 6 Pira 82 x Rio 122 0 0 
Pira 68 x Rio 122 0 4 Pira 55 X Rio 122 0 2 


Since the retests were made immediately following the reisolation of the homo- 
zygous viable chromosome Rio-112, the 19 lethal recombination products must 
certainly be synthetic lethals. Proressor C. PAVAN informs us that he had a 
similar situation in a strain of D. willistoni, which gave numerous recombination 
lethals in the original tests and also in retests. 


DISCUSSION 


For convenience of reference for this discussion the main results already given 
in Spassky et al. (1958), Spress (1959), and in the present paper, as well as some 
additional quantities which will be discussed below are summarized in Table 9. 
According to the classical theory of population structure (see discussion in Dos- 
ZHANSKY 1955) most loci will possess a typical or “wild type” allele and, in ad- 


TABLE 9 


Mean viabilities and variances of homozygotes for chromosomes of three species. “Natural” refers 
to means and variances for samples of wild chromosomes obtained directly from natural 
populations. “Recombination” refers to mean viabilities and variances (V) for 
chromosomes which were recombination products of pairs of quasi- 
normal original chromosomes obtained from nature 





Recombination 























Mean viability Variance Natural variance (% 
Species and All Quasi All Quasi All Quasi- 
chromosomes chromosomes normal chromosomes normal chromosomes normal 
D. pseudoobscura 
Natural 20.29 24.26 140 65 
43 74 
Recombination 22.92 23.93 60 48 
D. persimilis 
Natural 23.54 28.00 110 60 
24 27 
Recombination 28.16 28.76 26 16 
D. prosaltans 
Natural 21.17 25.98 200 85 
25 28 
Recombination 28.14 29.72 50 24 





dition, certain chromosomes may contain one or a few major mutant alleles 
which are usually deleterious. Under such conditions when two chromosomes of 
high viability, presumably containing “good” genes, are crossed, the resulting 
recombination chromosomes should also have good viability. Another model 
might be one in which chromosomes contain a great many polygenes which have 
mostly additive effects. Under such conditions two chromosomes having poly- 
genes that give them reasonably good viability will yield upon recombination 
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chromosomes with a large array of different viabilities. However, if the effects 
are additive, the mean viability of all recombination chromosomes should be the 
same as the average of the viabilities of the two original chromosomes. Two types 
of interaction can change this picture, dominance, and epistasis. Since in the 
present case we are dealing with chromosomes in the homozygous state, only 
epistasis can play any part. It was pointed out in the discussion of the first paper 
(Spassky et al. 1959) that the nonadditive component of variance for the means 
represents such epistatic interaction. It has been suggested by LEwonTIN (per- 
sonal communication) that the appearance of the nonadditive effect may be due 
to the use of the wrong scale of measurement. He suggests that viability may be 
multiplicative rather than additive, and that the use of the logarithm of viability 
rather than viability itself would be more appropriate. While this argument has 
a certain appeal, the use of a logarithmic transformation in our data would ac- 
centuate the nonadditivity rather than remove it. Additivity, by its very nature, 
can only refer to some particular scale of measurement, and in many genetic 
experiments, it is possible to obtain additivity by a suitable monotonic transfor- 
mation. With complete additivity, the mean for recombinant chromosomes would 
be exactly halfway between the means for the two parental chromosomes; if this 
mean lay between the two parental values but not at the half way point, it might 
be possible to find a suitable transformation that would bring it to the half way 
point. However, in the present data, not only is the mean for the recombinant 
chromosomes very much below the mean for either set of parental chromosomes 
but the same is true for the median, and no monotonic transformation could bring 
this median to a point between the two parental medians. This is the strongest 
kind of evidence that epistatic interaction plays a major role in natural popula- 
tions. Evidently the original chromosomes, chosen to have fairly high viabilities 
when homozygous, carried genes which interacted epistatically in a harmonious 
way, whereas the random recombination products in general contained genes 
that are on the average less harmonious in their epistatic interaction. It should, of 
course, be remembered that in natural populations the gene complexes in the 
chromosomes are not present in the homozygous state, but in a heterozygous 
state and the present evidence does not permit evaluation of the relative impor- 
tance which dominance interaction and epistatic interaction in heterozygotes may 
have in determining a quantitative character, such as the kind of viability studied 
here. 

The diversity of viability effects among chromosomes resulting from recombi- 
nation of genes carried in pairs of apparently similar original chromosomes is 
very great. It is of interest to compare the variance which arises from such re- 
combination with the total variance observed between different chromosomes 
obtained in nature. The distribution of viabilities for the Texas (D. pseudoob- 
scura) chromosomes, of which the ones in the present study are a subsample, is 
given in DoszHANsky, Paviovsky, Spassky and Spassky (1955), the distributions 
for D. pseudoobscura and D. persimilis from California are given in DopzHANSKY 
and Spassky (1953), and those for D. prosaltans, from localities other than those 
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presently under study, are given in DoszHaNsky and Spassky (1954). The 
mean viabilities and variances for these distributions have been calculated in 
two ways, namely for all chromosomes studied and for quasi-normal chromo- 
somes (i.e., excluding chromosomes which were lethal or semilethal to homo- 
zygotes). The results are shown in Table 9. These two papers have reported 
the observed variances for quasi-normal chromosomes, and also the total residual 
variances. By subtracting the total residual variances from the crude variances, 
we obtain the “real” or “genetic” variances, corresponding to the components of 
variance arising through recombination within the crosses described in the 
present series of papers on D. pseudoobscura, D. persimilis, and D. prosaltans. 

Table 9 also gives the ratio of the variance within chromosomes obtained by 
recombination in the present experiments to the variance of “natural’”’ chromo- 
somes, expressed as a percentage. This ratio varies from 24 percent and 25 percent 
(for all chromosomes in D. persimilis and D. prosaltans) to 74 percent (for quasi- 
normal chromosomes in D, pseudoobscura). This is a very remarkable result. 
We have selected as our “original” chromosomes groups of chromosomes which 
yield homozygotes of quasi-normal viability, in fact on the average above the 
mean viability of a random sample of quasi-normal chromosomes found in nature. 
And yet, we find that recombination of the gene contents of these chromosomes 
produces an amount of genetic variability that is a substantial fraction, between 
one quarter and three quarters, of the total genetic variability found among all 
chromosomes in natural populations. The chromosomes obtained through recom- 
bination include, in our experiments, the whole range of viabilities, from lethal, 
semilethal, through subvital, normal, and supervital chromosomes. 

The above observations throw some light on one of the basic problems of evolu- 
tionary genetics, namely that of the mechanisms which maintain the immense 
genetic diversity which we find in the natural populations of sexually reproducing 
species. According to the classical theory of population structure, this diversity 
is, in any one environment, due primarily to the presence of more or less recently 
arisen mutants which have not yet been eliminated by natural selection. The data 
described in the present series of three articles militate against the classical 
theory. The genetic diversity which we find in the populations is evidently ex- 
ceeded by the concealed or potential variability stored in the linked gene com- 
plexes in naturally occurring chromosomes, which can be released by recombina- 
tion. 

Indeed, the variance which is released in one generation by recombination of 
parts of chromosomes selected for a relative uniformity amounts to at least one 
quarter of the total expressed variance. The fact that some of the recombination 
products are semilethal or lethal when homozygous is particularly illuminating. 
The frequency of such synthetic lethals will be maintained in a population not 
by newly arising mutations, but rather by an equilibrium between the frequencies 
of their being “synthesized” and “desynthesized”. Such a situation is compatible 
with the balance theory of population structure (DoszHaNnsky 1955). The genetic 
diversity is maintained primarily not by new mutants, but by the advantages of 
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heterozygosis for gene alleles and gene complexes which are kept up by natural 
selection, and also by environmental fluctuations in space and in time which alter 
the signs and the magnitudes of selective advantages and disadvantages. With a 
population structure of this sort, a total suppression of the mutation process would 
probably fail to change the evolutionary plasticity of the species for very many 
generations. 

How widespread is the genetic population structure of the sort we have found 
is quite another matter. Even the three Drosophila species investigated are per- 
ceptibly, and meaningfully, different in this respect. It can be seen in Table 9 
that the ratio of the variance released by recombination to the total natural vari- 
ance observed in nature is higher in D. pseudoobscura than it is in D. persimilis 
and D. prosaltans. As stated in the introduction, D. pseudoobscura is a far more 
common, successful, and versatile species than D. persimilis, and especially than 
D. prosaltans. It has the greatest amount of potential genetic variability stored 
in the chromosomes, and presumably approaches most closely the population 
structure visualized by the balance theory. 

The fact that the ratio of recombination : total variance is apparently equal 
in D. persimilis and D. prosaltans may seem unexpected. The latter species has 
also a higher expressed natural variance than D. persimilis and even than D. 
pseudoobscura. The answer is that the second chromosome of D. prosaltans used 
in the experiments is not a homologue of the second chromosomes of the two other 
species, and, contains, in fact, almost twice as much chromatin as the latter 
(Spassky, ZIMMERING and DoszHANsky 1950). The data for D. prosaltans were 
meant to be compared with those for the homologous second chromosome of D. 
willistoni, a very common and successful tropical species. Unfortunately, the 
experiments with the latter were not completed. It may also be noted that the 
recombination : total variance ratio in D. pseudoobscura appears to be higher in 
the California than in the Texas populations. This may be a reflection of the fact 
that the Texas population studied came from an extreme margin of the distri- 
bution area of the species, while the California population is subcentral. 

What is the role of newly arising mutation in the maintenance of the genetic 
diversity in the populations of the three species studied remains unclear. The lack 
of reliable data on spontaneous mutation frequencies in polygenic systems is, in 
general, one of the greatest gaps in our understanding of the mechanisms of origin 
of raw materials of evolution. DopzHansky and Spassky (1947) submitted to 
severe selection 14 strains of D. pseudoobscura propagated in laboratory cultures; 
the conditions of the experiment were such that the measured success of the 
selection could depend only on newly arisen mutants. In 50 generations, the 
selection was effective in 11 out of 14 strains. On the other hand, the evidence on 
mutation is largely negative in the present experiments. As stated above, 60 
chromosomes were tested from the cultures of the original chromosomes at the 
end of the experiments, after they had had chance to accumulate mutants for 
some 10—20 generations. In only one instance (in D. persimilis) was the presence 


of a lethal ascertained. More to the point is that the study of the variance leads 
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to an essentially negative conclusion. As estimated from our data, the variance 
observed may be the sum of genetic and environmental components, and this 
sum, although usually ostensibly greater than zero, is quite small in replicate 
tests of the original chromosomes compared to the variance released by recombi- 
nation. 

Comparisons of the population structures in the species of Drosophila with that 
in the human species would obviously be devoid of basis at present. It may how- 
ever be noted that Morton, Crow, and MutuerR (1956) have inferred that the 
genetic structure of human populations agrees best with that envisaged by the 
classical theory. Their method of analysis is most ingenious, involving comparison 
of mortality rates in the offspring of marriages between cousins and other rela- 
tives and in the general population. Unfortunately, their methods are based on 
several assumptions, one of which is that the loss of fitness stemming from 
homozygosis for genes which are heterotic in heterozygotes is due to genes each 
represented by only two alleles in the population. This assumption is not a neces- 
sary one. In Drosophila populations heterosis results frequently from interaction 
not between alleles of a single locus but between “‘supergenes’”’, i.e., linked com- 
plexes of polygenes. The present series of three papers has shown that a very great 
variety of such “supergenes” arise in the chromosomes of every species studied 
by recombination. Natural selection will, in every population, select those “‘super- 
genes” which interact favorably in heterozygous combinations with other “‘super- 
genes” present in the same population. 


SUMMARY 


Like in the experiments of Spassky et al. (1958) and Spress (1959) on Dro- 
sophila pseudoobscura and D. persimilis, two groups of ten second chromosomes 
of D. prosaltans were chosen from population samples taken in two localities, both 
in southern Brazil. The chromosomes chosen yielded homozygotes of subnormal 
to normal viability. All possible intercrosses (190) between the strains carrying 
the 20 original chromosomes were made; from each intercross ten chromosomes, 
which were probably products of recombination between pairs of the original 
ones, were taken and tested for viability in double dose. Like in the other species, 
a great mass of genetic variability is released by recombination of the gene con- 
tents of the original chromosomes. The viability of the recombination products 
in homozygous condition ranges all the way from normal to lethal (synthetic 
lethals). Much of this variability released by recombination is attributable to 
epistatic interactions between the different polygenes contained in the original 
chromosomes. 

Comparison of the species suggests that recombination releases more variability 
in D. pseudoobscura, a widespread, common, and ecologically versatile species, 
than in D. persimilis and D. prosaltans, which are more specialized forms adapted 
to probably narrower ranges of habitats. Even so, the amount of the variability 
released by recombination between pairs of quasi-normal chromosomes is aston- 
ishingly great in all three species. In D. pseudoobscura it amounts to about 43 
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percent, and in D. persimilis and D. prosaltans to about 24 percent and 25 percent 
of the total variance present in the natural populations from which the original 
chromosomes were taken (see Table 9). It is concluded that the genetic variance 
of the viability in natural populations depends only to a slight extent on newly 
arisen mutants. Most of the variance is due to recombination within the accumu- 
lated store of genetic variants. 
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HIS is the fourth of a series of articles on the release of genetic variability 

through recombination. Identical experiments were performed on three 
species of Drosophila, and the results were given and analyzed in papers on D. 
pseudoobscura (Spassky et al. 1958), D. persimilis (Spress 1959) and D. prosal- 
tans (DoszHansky et al. 1959). The present paper describes the statistical 
methods and concepts used in all three analyses, discusses the definition and 
interpretation of the components of variance involved, and discusses some con- 
ceptual difficulties connected with the use of statistical tests of significance on 
material of this kind. 


Model for the analysis of variance 


The mathematical model for the analysis of variance of viability for the inter- 
populational cross is as follows. Let X;;, be the observed viability of the Ath de- 
rived chromosome from the cross between the ith chromosome of population T 
and the jth chromosome of population C, where the populations are labelled T 
and C for definiteness. We suppose that Xj;, is the sum of a number of com- 
ponents: 

Xijx = m+ ti +; + dij + wijx +rijx + bijx, where m is the grand mean and 
all the other contributions are random effects with zero means and with variances 
Gt", Ce. C8 Ca Or and o;? respectively. 

Since the means are zero, if any of these variances is equal to zero the cor- 
responding contribution will be identically equal to zero, and will play no part 
in determining the value of X;;,. In explaining the meaning of these components 
it will be convenient to suppose that all components to the right of the one being 
discussed are equal to zero. 

The component ¢; represents the additive effect of the ith chromosome from 
population T, and has the same value for all chromosomes derived from the ith 
chromosome from population T. Similiarly c; represents the additive effect of the 
jth chromosome from population C, and has the same value for all chromosomes 
derived from the jth chromosome from population C. Thus at this level, the value 
of Xj; can be completely predicted if we know the grand mean and the additive 
effects of the chromosomes from the two populations. The component dj; is the 
nonadditive effect of the cross between the ith chromosome from population T, 


1 This research was sponsored by the Office of Naval Research under Contract Number Nonr- 
266 (33), Project Number 042-034. 
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and the jth chromosome from population C, and has a specific value for all 
chromosomes derived from this cross. Thus, as soon as this component is present, 
it is no longer possible to estimate the viability of a derived chromosome from 
the additive effects of the two chromosomes from which it was derived; and in 
fact d;; measures the departure of the actual viability from this predicted value. 
The component w;, is the genetic component within crosses, and represents the 
difference between the actual viability of the Ath derived chromosome from this 
cross and the mean viability characteristic of chromosomes derived from that 
cross. Thus o,,” represents the variability released by recombination and is the 
primary component of interest in the present papers. The sum of the components 
through w then gives the true genetic viability of a particular derived chromo- 
some, and in principle can be estimated to any desired accuracy by repeated 
measurements on the same derived chromosome. The component r; jx is the com- 
ponent for the real residual variance and represents the difference between the 
true genetic viability of a given derived chromosome and its actual viability as 
affected by the residual genetic variance and, more important, environmental 
variance. Finally the component b;;; represents the binomial sampling variance 
due to the fact that we only observed 100 flies. 

The variances of the components just discussed are estimated in the com- 
ponents of variance column of Table 3. The components through dj; can be esti- 
mated directly from the data on the interpopulational cross, but this data will 
only give us the sum of the last three components. However, the binomial com- 
ponent is a simple function of the grand mean, and thus can easily be estimated, 
and the component rj ;, includes just those factors affecting the replicate cultures 
of the original chromosomes, and thus can be estimated from that data. 

For certain statistical procedures used it is necessary to assume that the vari- 
ables entering into X ;;, are normally distributed. Now ); ;, is a binomial variable 
and is essentially normally distributed, and r;;,, which mainly represents the 
effect of enviroment, is probably likewise nearly normally distributed. Further- 
more, it seems reasonable to assume that wx is normally distributed, except that 
there are too many extremely small values of w, corresponding to lethality. Again 
t;, c; and d;; can probably be taken to be normally distributed without too much 
error. Finally X jj, being the sum of all these components is likely to be still more 
nearly normally distributed, except that the value zero, denoting lethality, occurs 
more often than would be expected if X were normally distributed. Eliminating 
lethals, the X;;, observed are normally distributed to a sufficiently good approxi- 
mation. Thus the analysis of variance might be more valid if the data were 
analyzed with lethals eliminated; however, reasons have been given in a previous 
paper of this series (DoszHansky et al. 1959) for preferring to deal with all varia- 


tion simultaneously. Luckily the F test of the analysis of variance is insensitive 
to moderate departures from normality and it is felt that it may safely be used 
on the present data. Estimation of the components of variance themselves does 
not require any assumption of normality. 

The mathematical models for intrapopulational crosses and for the original 
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chromosomes follow the same lines, and need not be given here in detail. How- 
ever, it might be mentioned that if the additive effects of the chromosomes in the 
intrapopulational crosses are denoted as a, to @,., each Xj; includes two a’s, cor- 
responding to the 7th and jth chromosomes. 


Analysis of variance of means 


The analysis of variance for the original chromosomes is as follows. For a given 
locality let X;; be the viability (number of wild type flies in 100 flies) of the jth 
replicate culture of the ith original chromosome, let M; be the mean viability of 
the 6 cultures of the ith chromosome, and let M be the mean of the ten chromo- 
somes. Table 1 gives the analysis of variance, which is an ordinary one-way 


TABLE 1 


Analysis of variance for original chromosomes 








F Components 

Effect Sum of squares d.f Mean squares ratio of variance 
Between Be pS a 
chromosomes 6[ > M2 — M2/10 | 9 A = (sum of sq) /d.f. A/U (A —U)/6 
Real ap ae — 
residual 50 V=U0—B V 
Binomial ..  B=M(100—M)/100 B 
Total = = 
residual =[= X?2 — 10M?] 50 U = (sum of sq) /d.f. U 

j ij i 


i 





analysis of variance with extra lines for the “real residual’ and binomial com- 
ponents. It should be noted that this and the other analyses of variance in the 
present paper are given in the customary form for such analyses. The sums of 
squares and mean squares in each table are greater by a constant factor (six for 
the present table) from the form judged simplest for the explanation in the first 
paper of the series. However the F ratios and components of variance are identi- 
cal in both forms, and as the sums of squares and mean squares were not given in 
the tables in the previous papers, no confusion should result. To help construct 
the present tables, the letters A, C, etc. are used to denote mean squares which 
have no letter assigned to them in the earlier papers. 

The analysis of variance for the intrapopulational crosses is as follows, Let Xj jx 
be the viability of the Ath derived chromosome for the cross between chromo- 
somes i and j, and M;; be the mean viability for this cross. Let M;. be the sum 
of the M;; for the nine crosses involving the ith chromosome, M_ = Mj, which is 
twice the sum of the 45 Mj;, let M@;=M;./9 be the mean viability for the crosses 
involving the ith chromosome, and let M=M __/90 be the grand mean. Also let L? 
equal the sum of the squared values of the 45 Mj;; that is L? = = = M?;;. Also 


i<j 
let Ui; = =(Xij, — Mi;)?/9 and let U be the mean of all 45 Uj;. Finally, 
quantities like U derived from the cross in question will be denoted by the sub- 











96 HOWARD LEVENE 


script Uintra, while corresponding quantities calculated from the data for the 
original chromosomes will be denoted by U,,i. The analysis of variances is given 
in Table 2. The factor by which the sums of squares and mean squares in this 
table exceed those discussed in the previous papers is 80. This analysis of vari- 
ance, except for the lines for the real residual and binomial components, is of the 
type called a diallel analysis of variance, first discussed by SPRAGUE and TatuM 
(1942) and corrected by Cocuran (FEDERER 1951). It is conveniently sum- 
marized by GrirFinc (1956). 

The analysis of variance for the interpopulational crosses is as follows. For 
definiteness denote the two populations T and C. Then let X;;, be the viability of 
the Ath derived chromosome for the cross between the ith chromosome from T and 
the jth chromosome from C, and let M;; be the mean viability of the ten derived 
chromosomes from this cross. Further let M;,= = M;; and M j= = M;;. Then 

7 V 


M;.=M;,/10 is the mean viability for all crosses involving the ith chromosome 
from T and M_;=M_;/10 is the mean viability for all crosses involving the jth 
chromosome from C. Also let M_= = Mi;==M;,==M_/; be the sum of all 


100 M;;, and L?= = M;;” be the sum of all 100 M;,?. Then the analysis of vari- 
ance is given in Table 3. In this table quantities like Vorig are the means of the 
corresponding values for the original chromosomes in both populations. The 
factor by which the sums of squares and mean squares in this table exceed those 
discussed in the previous papers is 100. 


The analysis of variance of variances 


The model for the analysis of variance of means assumes that the component 
Ww jx has a constant variance o,,” regardless of the cross in question, and that the 
estimates which could have been obtained individually for each cross would differ 
only because of sampling error due to the fact that only ten derived chromosomes 
are studied for each cross. In point of fact it seems more reasonable that different 
crosses involving different genetic material should also differ in the amount of 
genetic variability they release. Such variability in the value of o,”, if not too 
great, does not seriously interfere with the actual carrying out of the analysis of 
variance for means; nevertheless, it is of some interest to consider this variability 
for its own sake, and that is done in the present section. The sums of squares for 
these analyses of variance are obtained exactly as before, except that the values 
V;; are used instead of the M;; and the factor six in Table 1 and ten in the other 
two tables, by which the sum of squares is multiplied, is omitted. Similarly, the 
denominator in the corresponding component of variance is reduced by a factor 
of six in the first table and ten in the other two tables. The reason for this is that 
each Vj; is a single value whereas Mj; is already the mean of either six or ten 
observed values. Because each cross gives only a single value of Vj; it is not pos- 
sible to obtain an empirical estimate of the variability of the variance within a 
cross. Nevertheless, it is essential to have some estimate of this variability if we 
are to tell whether there is a real nonadditive component between crosses or 
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whether the observed mean square between crosses is just what might be expected 
due to sampling variability. If we can assume that the underlying data from 
which the V;; are calculated (the X;;,) are normally distributed we can obtain a 
theoretical value for this variance as follows. 

If X,,..., Xy are independently normally distributed with mean m and vari- 
ance o*, then the sample variance s* has N—1 degrees of freedom and has mean 
o* and approximate variance 2(c*)?/(N—1), or, still more approximately, 2 
(s*)?/(N—1). In the present case, then, the theoretical variance of U; for an 
original chromosome is 2U/;?/(6—1) =2U;?/5, while the variance of Uj; for a 
cross is 2U/;;?/(10—1). Now V;;=U; —Bi; has variance approximately 2U*;;/9 
+ Var (B;;), since B;; depends only on Mj; and can be considered statistically in- 
dependent of V;;. Further, since B;; is estimated from 1000 flies, Var (B;;) is 
negligible compared to 2U/;?/9, and we have the variance of V;; estimated by 
2U;;;?/9. Finally, a suitable estimate of the variance of the V;; based solely on 
variability within crosses is 2U/?/9, where U is the mean for the set of crosses in 
questicn. This estimate is entered as the “within” mean square and used in cal- 
culating the nonadditive between crosses F ratio and component of variance. Its 
use for the F ratio is not strictly correct, since 2U2/9 is not distributed as a mean 
square, but it is based on so many more degrees of freedom than the numerator 
that the distribution of F is not seriously affected. Similar considerations apply 
to the original chromosomes, where 2U/?/5 is entered as the total residual mean 
square. For the crosses, a total residual mean square has been entered as 2U,,i 
/9, and used to obtain an estimated component of variance within crosses. These 
last entries serve no useful purpose except convenience in comparison; they give 
no information not already contained in the corresponding components for the 
means. 


Nonparametric tests 


It has been pointed out above that the F test requires the assumption of normal- 
ity, although it is not very sensitive to moderate departures from this assumption. 
Even if the basic data, Xj ;,, are normally distributed, the variances calculated 
from them, the U/;;, will not be normally distributed. However, the more degrees 
of freedom there are for an estimated sample variance the more nearly it is 
normally distributed. In the present case for the crosses the U’s have nine degrees 
of freedom, and there is some evidence that this is sufficient to allow for the use 
of the analysis of variance. Since the binomial component has only a small vari- 
ance, the V;; are essentially distributed as the U;; and we may use the analysis 
of variance on the V’s without too much worry. Nevertheless, it might be prefer- 
able to use a test that did not require the assumption of normality. In the case 
of the V;; such a test is available only for testing the additive effect. For the inter- 
populational crosses the test of FrrepMAN (1937) also described in KENDALL 
(1948) may be used, while a modification of this test can be used for the diallel 
analysis of variance. These tests are based on ranks, and somewhat greater sensi- 
tivity can be obtained if these ranks are transformed into the equivalent normal 
deviate by the use of Table 20 in Fisner and Yates (1938). The F values for the 
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additive effect for the variances in Table 5 of each of the first three papers of this 
series were obtained by these nonparametric methods. 


The interactions of interactions 


The analysis of variance of variances was undertaken to investigate the ques- 
tion of whether o,,2 was constant or whether different w;;,’s had different vari- 
ances depending on the particular cross involved. Similarly, one can ask whether 
a4 is constant or whether the variance of d;; depends on i and j (but not on the 
specific combination of the two) ; i.e., Var (dij) =1; + q;, say. In other words we 
may ask whether certain chromosomes have a tendency to react erratically, with 
a large nonadditive component, whereas other chromosomes are more consistent 
and the viability of chromosomes derived from crosses in which they take part 
may be predictable. The method used for testing this will be described more fully 
elsewhere. Here it will suffice to say that the individual dj; were estimated by the 
difference between the mean viability for a particular cross and that predicted 
from the grand mean and the additive effects of the chromosomes involved, and 
that a nonparametric analysis of variance was done on the absolute values of 
these estimated interactions. The results are given in Table 5 of each of the first 
three papers in the lines labelled int. of int., for interaction of interactions. 


Confidence limits for the components of variance 


Confidence limits for a single mean square may easily be obtained by the use 
of a table of chi-square, and this method is explained, for example, in Dixon and 
Massey (1957). The genetic components of variance for the means and the com- 
ponents of variance between crosses for the variances are estimated by a differ- 
ence of two mean squares. Confidence limits for these have been obtained by the 
use of the second approximation of BULMER (1957), with slight modification for 
the case of the component of variance within crosses for the means. For the means, 
confidence limits for the total residual component are obtained from the confi- 
dence limits for U for the original chromosomes with a slight modification. Con- 
fidence limits for the binomial coefficient are obtained from confidence limits for 
the grand mean for the cross. Finally the confidence limits for the real residual 
variance are obtained by subtracting the binomial estimated component from 
the limits for the total residual component. It should be noted that the lower limit 
for the total residual component is never allowed to be less than the lower limit 
for the binomial component, since the total residual variance is the sum of the 
binomial and real residual components. 

Unlike the F test for the existence of the various components of variance, the 
method used for obtaining condence limits for these components is extremely 
sensitive to departures from normality in the data; consequently the limits as 
given can only be considered as very rough approximations giving the order of 
magnitude of our uncertainty in knowledge of the components. Whenever the F 
test in Table 5 of any of the papers showed that a certain component of variance 
was not significantly different from zero at the 24% percent level of significance, 
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the corresponding lower 95 percent confidence limit for that component was set 
equal to zero in Table 6. On the other hand in one case for Drosophila persimilis 
the lower confidence limit of zero was obtained although a nonparametric F test 
showed the existence of a significant component. Since the nonparametric F test 
cannot be used to estimate components of variance, all that could be done was to 
indicate in the text that there was probably a significant component but that it 
could not be estimated. 


The meaning of significance tests 


When we say that a certain effect is significantly different from zero at the five 
percent level, we mean that if there were no true effect then we would obtain as 
large an estimated effect in less than five percent of all repetitions of the experi- 
ment. Similarly a standard error attached to an estimate is a measure of the 
variability of that estimate in repeated experiments on the same material. How- 
ever, in many cases, the meaning of the words “repeated experiments” are by no 
means clear. For example, in the case of the present material, we can conceive of 
at least five kinds of repetitions of the experiment. (1) We can use the same 
chromosomes and crosses, repeated at the same time the orig:nal experiment was 
done. (2) We can repeat the experiment using the same chromosomes and crosses 
but at a somewhat later time, when the genetic contents of the chromosomes may 
have changed somewhat because of mutation, and experimental conditions will 
certainly be somewhat different. (3) We can repeat the experiment with other 
chromosomes taken at random from the same population. (4) We can repeat the 
experiment using other populations of the same species. (5) We can repeat the 
experiment using different species. 

Each of these types of repetition involves all the sources of variation present 
in the previous kinds of repetition plus some additional ones, and consequently 
the further along we are in the series the greater the amount of variability that 
would be observed. 

Since for each original chromosome six simultaneous replicates were tested, and 
for each cross ten derived chromosomes were tested simultaneously, we have 
available a repetition of type (1). The most important problem in the present 
papers is the comparison of the variability released by recombination within 
crosses with the variability between replicate cultures for the same original 
chromosomes. Here repetition of type (1) is appropriate and it is this repetition 
that furnishes the error estimates used in the analyses of variance and in the 
confidence intervals for the variance components. Since different crosses were 
tested at various times over a period of a year or more, and the original chromo- 
somes were tested at still another time, a comparison of the variability between 
crosses with that within crosses should properly involve repetition of type (2). 
No repetition of this type is available, but the additional variability should be 
rather small, and thus the use of type (1) repetition should be satisfactory. It is 
true that for one locality, Texas, in Drosophila pseudoobscura, the original 
chromosomes were tested at two different times. However, these times were even 
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further apart and the conditions of the tests were somewhat different, so that this 
would give us an overestimate of the amount of additional variability in repetition 
of type (2). 

If it is desired to make comparisons between the two localities for a given species 
still further problems arise. If we are simply interested in whether there are real 
differences between the two particular groups of chromosomes studied, then the 
proper error is obtained from the mean square within crosses. However, if we 
are really interested in whether there are differences between the localities per se, 
then we are interested in repetition of type (3); that is, the question is what 
would happen if we obtained new samples from these two localities. In this case 
the error must be obtained from the mean square between crosses, which is con- 
siderably bigger, and furthermore is derived from fewer degrees of freedom and 
consequently is less likely to yield significant differences. A further complication 
here is that the chromosomes used are not a random sample from the population 
in question, but were selected to have moderately high viability when homozy- 
gous. Consequently the conclusions are only valid for the class of randomly 
selected chromosomes of high viability. Finally, in comparing the behavior of 
different species, a further problem of differences between localities arises. If we 
can assume that all localities are the same, which is very doubtful, then replica- 
tion of type (3) is proper and comparisons between species are made in precisely 
the same way as comparisons between localities for the same species. If, how- 
ever, we make the more realistic assumption that there are differences between 
different localities for the same species, then repetition of type (4) is in order; 
that is we must compare the results from a random sample of localities for one 
species with the results from a random selection of localities for the second 
species. As, in the present case, we have only two localities for each species, it is 
very difficult to prove any differences between species. 

The above, while rigorously correct, takes, perhaps, a somewhat pessimistic 
view of the matter. It is not always necessary to have results that are statistically 
significant at the five percent level. In some cases it may be enough if they are 
significant at the 50 percent level; that is, there would be only an even chance 
of observing such a difference if in fact no true difference existed. Furthermore, 
one can always make estimates of various effects and various differences, and it 
is not necessary to assume that such estimates will always differ from their true 
values by, for example, two standard deviation units. In fact most of the time they 
will differ by much less. Thus with the present data it would seem reasonable, 
for example, to say that there was a difference in the amount of variability 
released between Pirassununga and Rio, for Drosophila prosaltans, and also that 
there was a difference between the amount of variability released in Drosophila 
pseudoobscura and Drosophila persimilis, even though in neither case can the 
difference be rigorously proved statistically. In this connection it should be 
realized that even if perfectly correct statistical methods yield a result that is 
statistically significant at the one percent level, it is still possible that no effect 
actually exists and that this is just one of the one percent of the cases in which an 
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abnormally large observed effect is found. Thus, the difference between effects 
that are proved statistically in a rigorous fashion and those that are only shown 
in a somewhat looser way is not necessarily a hard and fast distinction. 

It is evident from the above that a given single estimate, such as, for example, 
a mean viability, might have four different standard errors depending on the use 
to which the standard error was to be put, and attaching a single standard error 
could prove quite misleading. Accordingly, no standard error has been attached 
to such estimates, with the exception of a few cases where for some reason it was 
felt desirable to do so. 

One other question of significance that arises is that of correlations. All corre- 
lations in these papers are based on ten chromosomes. If we are interested only 
in the correlation between these particular chromosomes, most of the coefficients 
observed are significant. If, however, we wish to make inferences about what 
would happen with ten other chromosomes from the same population, then the 
observed correlation must be less than —0.63 or greater than +0.63 to be signifi- 
cant at the five percent level. Evidently ten observations are too few to give much 
information about a correlation. Nevertheless the correlations are included, since 
the presence of many small ones and a number of negative ones, shows that in 
general there is little consistency in the contribution of a given chromosome under 
different conditions. 


SUMMARY 


This paper discusses the statistical methods used in earlier papers of this series 
to analyze data on Drosophila pseudoobscura (Spassky et al. 1958), D. persimilis 
(Spress 1959), and D. prosaltans (DoszHansky et al. 1959). The use of diallel 
analysis of variance and two-way analysis of variance, combined with a one-way 
analysis of variance on control data, to test hypotheses about various components 
of variance, and to estimate these components and obtain approximate confidence 
intervals for them is explained. The definitions of the various components in 
terms of the mathematical model used and their genetic interpretation are given. 
This is done for components of variance of variances as well as for the more usual 
components of variance of means. Certain difficulties inherent in the interpre- 
tation of significance tests, confidence limits, and standard errors for complex 
experiments such as the present are discussed. 
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TRAINS which approach wild type in appearance or behavior can arise from 

mutant strains as a result of either reversion (mutation at the original mutant 
locus) or suppression (mutation at some other genetic locus). In microorganisms 
both reversions (HoGNeEss and MircHe.t 1954) and some suppressor mutations 
(Yanorsky 1952; Parks and Douctas 1957) are known to act by restoring the 
specific enzyme activity which was lacking in the original mutants examined. 
Although it might be expected that reversion would always restore a mutant locus 
to its wild type form, recent studies with Neurospora indicate that this may not 
always be true. Both Gites (1957) and Fincuam (1957) have reported cases in 
which reversion restored somewhat less than the wild type level of specific en- 
zymes. 

The purpose of the study reported in this paper was to examine the character- 
istics of the different types of strains which were obtained by mutation of a tryp- 
tophan- requiring mutant of Escherichia coli to tryptophan independence. 


Terminology 


The term “phenotypic revertant” is used to describe any tryptophan-indepen- 
dent (T+) strain, regardless of genetic type, derived from the tryptophan- requir- 
ing mutant td,. The term “reversion” or “revertant” will apply only to strains in 
which the restorative mutation appears to have occurred at the same locus as the 
original mutation. 


MATERIALS AND METHODS 


Escherichia coli strains: The tryptophan auxotroph from which the tryptophan- 
independent strains employed in this study were derived is designated td,. This 
mutant was obtained from wild type strain K-12 by using ultraviolet light as the 
mutagenic agent, followed by penicillin selection. Nutritional and enzymatic 
studies with this auxotroph have shown that it will not respond to indole or 
anthranilic acid and specifically lacks tryptophan synthetase activity (the en- 
zyme catalyzing the coupling of indole and serine to form tryptophan). When 
grown in liquid minimal medium with low tryptophan supplements (2-10 pg 
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U. S. Public Health Service (RG—5652). 

2 U. S. Public Health Service Research Fellow of the National Cancer Institute. 

3 Present address: Department of Biological Sciences, Stanford University, Stanford, California. 
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ml), this strain accumulates large amounts of indole in its culture medium 
(YaNorsky 1957). 

In some experiments with strain td, it was desirable to have an unlinked marker 
present. For this purpose a histidine-requiring td, stock (td,H—) was prepared 
from an H~ cystine-dependent strain by transduction with bacteriophage grown 
on strain td,. Since the cystine marker is closely linked to td,, a large percentage 
of the cystine independent colonies obtained were td,H~—. A stock bearing the 
same cystine marker (cys td+) was used in all crosses and transductions. 

Media: L-broth was used when a nutrient medium containing tryptophan was 
required (LENNox, 1955), except in crosses, for which Difco Penassay broth was 
employed. The minimal salts medium of VoceL and BoNNER (1956) with 0.2 
percent added glucose was used throughout and was supplemented with L-trypto- 
phan when required. A supplement of 10 »g L-tryptophan/ml. permitted full 
growth of td,. A supplement of 30 »g L-histidine/ml. was used when necessary. 

Spontaneous reversion experiments: A 24—48 hour-old single colony isolated 
from strain td, was suspended in saline and the turbidity of the suspension deter- 
mined. A series of L-broth tubes (10 ml/tube) were then inoculated so that each 
tube contained 10* bacteria/ml. At this level of dilution, tryptophan-independent 
cells would not be expected to be present. To verify this in each case, aliquots of 
the original suspension (10° cells) were plated on plates containing minimal agar 
plus 0.01 »g tryptophan/ml. The broth cultures were grown overnight with 
shaking and in the morning contained approximately 5 x 10° bacteria/ml. Saline 
dilutions were made from each L-broth tube and aliquots containing 10° cells 
were plated on plates containing minimal agar with the low level tryptophan 
supplement (0.01 »g/ml)*. 

Experimental and control plates were incubated for eight days at 37°. Although 
some tryptophan-independent colonies appear as early as one or two days after 
plating, the number of such colonies reaches a maximum after about eight days. 

Reversion experiments with ultraviolet light: Strain td, was grown overnight 
in L-broth, and in the morning the culture was diluted to 10° bacteria/ml in a 
fresh tube of L-broth. This tube was incubated with shaking until a population 
of 5 X 10° cells/ml was obtained, and then this second culture was diluted to 10° 
bacteria/ml in minimal medium without glucose. Ten ml of this suspension were 
exposed to ultraviolet light at a distance of 40 cm. for ten seconds. With strain td, 
this exposure gives approximately 80-90 percent kill. Samples containing 10° 
cells were plated at zero time and after ten second exposure (10-20 percent 
viable) on minimal agar supplemented with 0.01 »g tryptophan/ml. The plates 
were incubated for eight days at 37°. 

Routine handling of tryptophan-independent colonies: Colonies of widely vary- 
ing sizes appeared after incubation of the experimental plates for eight days. 
These colonies were picked and streaked on minimal agar to obtain single colony 


* This low tryptophan supplement will not support visible growth of td, but about ten times 
more ultraviolet-induced phenotypic revertants are recovered with this supplement than with 


minimal medium alone. 
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isolates before further tests were performed. Following this initial purification 
the T+ strains were tested for indole accumulation and were plated to obtain an 
accurate determination of colony size. 

Accumulation studies: Tubes containing minimal medium with 0.2 percent 
glucose or 0.2 percent glycerol were inoculated with the T+ strains to be tested. 
These cultures were incubated with shaking for 40-48 hours at 37°. One part of 
the culture filtrate was mixed directly with two parts 95 percent ethyl alcohol and 
one part Ehrlich’s reagent as a test for indole accumulation. Ehrlich’s reagent 
gives a bright red color in the presence of trace amounts of indole. 

Colony size studies: When isolates of different phenotypic revertants were first 
examined it was apparent that there was a wide range of individual growth rates. 
Accurate measurement of log phase generation time of a large number of these 
T* strains seemed impractical; consequently, colony size measurements were 
performed under controlled conditions. It was felt that such measurements would 
give a rough indication of the relative growth rate of any one mutant strain and 
would permit comparisons of the growth rates of the phenotypic revertants and 
of wild type. The log phase growth rate of selected T+ strains was examined more 
carefully as described in the next section. 

Single colony isolates from each T+ strain were grown for 16 hours at 37° in 
nutrient medium. In this length of time each culture reached the stationary phase 
of growth and the cells were present at a concentration of about 5 x 10°/ml. 
These cultures were diluted in saline and 10 to 30 cells were plated on minimal 
agar. The plates were incubated for 96 hours at 37°. At this time, the colonies 
were measured under a binocular microscope equipped with an ocular microm- 
eter. The ‘“‘average colony size’”’ was obtained by taking the numerical average 
of the diameters of all the colonies on the plate. Colonies derived from some T+ 
strains were quite uniform in size and showed a variation of only 0.1 mm or less 
between colonies. However, some strains consistently threw off fast-growing 
(large) colonies. These strains were usually the slowest growing isolates. In such 
cases, “average colony size’”’ was not very meaningful and these strains were used 
in only a few of the experiments. In cases where it was desirable to use strains 
of this type there is an explanatory notation. 

Experimental variation between duplicate plates in the same experiment and 
between experiments was determined for one T+ strain having a relatively stable 
colony size. The variation observed was less than ten percent. 

Growth curves: Log phase growth rates on liquid minimal medium were 
determined for selected T+ strains. Erlenmeyer flasks (125 ml) equipped with 
sidearm colorimeter tubes were used in these studies. These flasks, containing 
10 ml of medium, were inoculated to give an initial concentration of 10* bacteria/ 
ml and were incubated with shaking in a 37° water bath. The turbidity of the 
cultures was measured with a Klett-Summerson photoelectric colorimeter (660 
filter) at 30 minute intervals throughout lag phase and log phase. 

Studies of enzymatic activity: Strains selected for enzyme analysis were grown 
in one liter volumes of minimal medium. Log phase cells were used as the starting 
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inocula. Each culture was incubated with shaking at 37° and its growth was 
followed closely. When the turbidity indicated that the culture had reached a 
population of 5 x 10° to 10° cells/ml an aliquot was removed for the determina- 
tion of colony size; the remaining cells were harvested by centrifugation. The cells 
were washed once with saline and resuspended in 0.1M phosphate buffer (pH 
7.8). These suspensions were then disrupted in a 9 kc Raytheon sonic oscillator 
and the cellular debris removed by centrifugation for 30 minutes at 15,000 g in an 
SS-1 Servall centrifuge. The supernatant solutions were used as crude enzyme 
preparations and were stored at — 15°C. 

Tryptophan synthetase activity was measured by the method of YANorsKy 
(1957). One unit of tryptophan synthetase is that amount of enzyme which will 
convert 0.1 uM of indole to tryptophan when incubated for 30 minutes at 37° 
in the presence of indole, serine and pyridoxal phosphate. The protein content of 
the extracts was determined by the method of Lowry et al. (1951). The trypto- 
phan synthetase specific activity of an extract is expressed in units of enzyme 
activity per milligram of extracted protein. 

Genetic studies: Suppressed mutants and true revertants were distinguished by 
using two genetic techniques, transduction and crossing. Transductions were per- 
formed with phage Plkc using the procedure described by LENNox (1955). All 
crosses were performed in the following way: An F+K-12 strain requiring cystine 
(cys~ td+ ) was grown overnight with shaking at 37° on Penassay broth plus 
added cysteine. Growth under these conditions presumably converts the F*+ char- 
acter to an F~ phenocopy (LEDERBERG, CAVALLI and LEDERBERG 1952), and this 
strain was treated as the recipient. The tryptophan-independent strains obtained 
from the derived strain td,H~ were used as donors. These strains were grown 
overnight without aeration. In all crosses, 10° recipient cells and 10° donor cells 
were added to 2 ml of Penassay broth. This mixture was incubated with shaking 
for one hour at 37° and samples were diluted and plated on minimal agar enriched 
with 0.2 percent nutrient broth’ and supplemented with 10 yg of L-tryptophan/ 
mil. 

The genetic constitution of the progeny from both transductions and crosses 
was tested by replica plating (LEDERBERG and LEDERBERG, 1952) followed by 
picking and streaking on appropriate media. 


RESULTS 


Frequency of appearance of indole accumulators among phenotypic revertants: 
Accumulation tests were performed on purified isolates chosen at random from 
the phenotypic revertants derived spontaneously and induced by ultraviolet light 
to determine whether these strains differed from wild type. The tests showed that 
most of the T+ strains obtained were accumulators of indole, and that the per- 
centage of nonaccumulators was smaller in the ultraviolet treated material (Table 


5 The td,H- strain shows high frequency recombination for markers in the tryptophan region 
when the crossing mixture is plated on minimal medium enriched with 0.2 per cent nutrient 
broth (YANorsKy and. LENNox, unpublished). 
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1). The work described in the Results section is entirely concerned with the be- 
havior of the indole accumulators. 

All of the ultraviolet-induced T+ strains probably derive from independent 
mutational events, but under the conditions employed in the spontaneous rever- 
sion experiments some duplication of specific T+ types could occur. Spontaneous 
T+ strains must of course be independently derived if they appeared in separate 
experimental cultures or if they can be distinguished by characteristics of growth 
and enzyme content. 


TABLE 1 


Frequency of appearance of indole accumulators among tryptophan-independent mutants 














Ultraviolet Spontaneous 
Control Experimental Control Experimental 
(0 sec) (10 sec) 
Total cells plated (3 experiments) 1.2 x 108 4.6 x 107 3 x 105 2.8 X 108 
Number of phenotypic revertants 22 363 0 45* 
Frequency 0.18/10 7.7/10° 0 0.16/10° 
Percent indole accumulators 
in random sample 90.9 54.0 
* Including at least 22 independent events since this number of different experimental cultures were examined. 


Variation in colony size among ultraviolet-induced and spontaneous pheno- 
typic revertants: The indole accumulating strains employed in the colony size 
studies form an unselected sample. Twenty-nine spontaneous T+ strains and 59 
ultraviolet-induced T+ strains were examined and the results are plotted in 
Figures 1a and 1b. These figures show that different patterns are obtained with 
the spontaneous and ultraviolet-induced populations. The spontaneous pheno- 
typic revertants have average colony diameters which appear to be distributed 
randomly over a wide size range, 0.5 to 4.5 mm. Although a few of the ultraviolet- 
induced T+ strains have colony diameters of 2.0 to 3.7 mm, most fall in the 0.8 
to 1.7 mm class. There is probably another class at 0.5 mm. 

This discrepancy between the two populations might possibly be explained by 
selection against slow growing spontaneous phenotypic revertants. In spon- 
taneous reversion experiments, a phenotypic revertant must be able to grow and 
survive in a large population of td, cells which are growing rapidly on the nu- 
trient medium supplied. This is not the case in the experiments employing ultra- 
violet light. In these, the mutations presumably occur at or soon after the time 
of plating on minimal agar and there is, therefore, no possibility of competitive 
growth on a nutrient medium. If there is selection against slower growing T+ 
strains in spontaneous mutation experiments the frequency of their appearance 
in plating experiments will not represent the actual frequency of this type of 
mutation. Experiments performed to examine this point did not reveal any 
obvious selection against slow growing phenotypic revertants on the nutrient 
medium employed. 
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The correlation of log phase generation time with colony size: The colony size 
differences observed in the experiments previously described might not reflect 
differences in growth rate but could be due to differences in the length of the lag 
phase. To examine whether colony size is correlated with log phase generation 
time, the log phase generation time of five spontaneous phenotypic revertants 
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Ficure 1a.—Average colony sizes in an unselected sample of indole accumulating ultraviolet- 


induced phenotypic revertants. 
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was determined and the values obtained plotted versus the colony sizes of the 
same strains (see Figure 2). It is clear from the figure that colony size appears 
to be a true reflection of the growth rate of these strains. 

Genetic studies: Genetic studies were performed on a large number of indole- 
accumulating T+ strains to determine whether the mutations conferring trypto- 
phan-independence had occurred at the td, locus or at some suppressor locus. 

Transductions were carried out in the following way. Phage was grown on the 
T+ donor strains and the lysates obtained were mixed with cells of a cys~ td+ 
recipient. Aliquots were plated on minimal agar supplemented with 10 yg tryp- 
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Ficure 1b.—Average colony sizes in an unselected sample of indole accumulating spontaneous 
phenotypic revertants. 
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Ficure 2.—Correlation of log phase generation time with colony size in spontaneous T+ strains 
selected for uniformity of colony size. 











tophan/ml. thereby making the cys+ marker selective and the tryptophan 
marker nonselective. The transduced colonies were replicated to minimal agar 
and, if tryptophan requirers were present, the number of T+ and T~— colonies 
were recorded. When they appeared, some tryptophan-requiring colonies were 
picked from each transduction and their nutritional requirement verified by 
streaking on appropriate media. 

Since the cys~ marker used in this experiment is linked to the td, locus and 
the cys+ marker of the donor strain was selected, some of the transduced colonies 
should carry the donor form of the ¢d locus. If the donor strain carried td, un- 
changed, plus an unlinked suppressor gene, some of the transduced colonies 
should be tryptophan-dependent. If the suppressor gene were completely un- 
linked, approximately 36 percent of the cys+ colonies should require tryptophan 
(YaNnorsky and LENNox, unpublished). This is the value obtained in control 
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transductions of td, into the cys~ strain. If the suppressor gene carried by the 
donor strain showed some linkage to the td, locus, the number of tryptophan- 
dependent colonies would be reduced. On the other hand, if the tryptophan- 
independent donor strain were derived from a mutation at the td, locus, trypto- 
phan-requiring colonies would not be expected. 

Genetic data obtained in transductions with selected ultraviolet induced T+ 
strains are presented in Table 2. Eight of the eleven phenotypic revertants tested 


TABLE 2 


Genetic data on selected ultraviolet-induced phenotypic revertants 





Percent 





Colony size Genetic test T-/colonies tested tryptophan requirers 
2.7 Transduction 0/152 0 
2.6 Transduction 0/123 0 
2.1 Transduction 0/321 0 
13 Transduction 73/193 37.8 
1.3 Transduction 12/59 20.3 
1.3 Transduction 5/44 11.3 
1.1 Transduction 105/304 34.6 
0.9 Transduction 16/91 17.7 
0.5 Transduction 56/165 33.9 
0.5 Transduction 35/121 28.9 
0.2 Transduction 10/97 10.3 

Control 
transduction 72/215 33.5 
(td, > cys-) 





T- = colonies requiring tryptophan 


proved to carry suppressors, while three appeared to represent true reversions of 
the td, locus. 

Genetic data on the spontaneous phenotypic revertants were obtained by 
crossing as well as by transduction. In the crosses the recipient strain was also 
cys— td+, Spontaneous T+H~ strains derived from strain td,H— were used as 
donors. After crossing, aliquots of dilutions were plated on enriched minimal 
agar supplemented with tryptophan. Thus, H+ cys+ progeny were selected and 
the tryptophan requirement was kept nonselective, as in the transduction ex- 
periments. Control crosses of cys~ by td,H— showed that when the cys~ gene 
was replaced by cys+ from the donor, the td, gene was included about 32 percent 
of the time. 

The rationale of the cross is the same as that of the transduction. If the donor 
strain contains td, and an unlinked suppressor gene, td, will be recovered in 
about 32 percent of the cys+ progeny. If the donor strain carries a td, reversion, 
no tryptophan requirers will be recovered in the progeny of the cross. 

In order to check a large number of phenotypic revertants, a mixed crossing 
technique was devised. In this procedure, instead of examining each phenotypic 
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revertant singly, a mixture of several was employed as donor material. In control 
experiments of this type (see Table 3) it was shown that in a mixture of four 
strains, if one suppressed mutant was present, tryptophan-requiring colonies 
were recovered. 

The results of genetic tests on selected spontaneous phenotypic revertants are 
presented in Table 4. Three of the 26 strains examined yielded tryptophan re- 
quirers and therefore carry suppressor mutations while the remaining 23 are 
true reversions. The results of tests on a random sample of spontaneous pheno- 
typic revertants unselected for colony size are presented in Table 5. In this case 
all T+ strains tested proved to be true reversions. 

Correlation of genetic type with growth rate as determined by colony size: 
Most of the genetic studies were performed with spontaneous and ultraviolet- 
induced mutants selected on the basis of diversity of colony size. The three par- 
tial reversions obtained in the ultraviolet mutation experiments all have colony 
sizes greater than 2.0 mm, while all of the ultraviolet-induced phenotypic re- 
vertants with colony sizes of 1.3 mm or smaller proved to carry suppressor genes. 
Genetic tests with the selected spontaneous phenotypic revertants showed that 


TABLE 3 


Detection of suppressed mutants by a mixed-crossing technique 





Percent 
Crosses T- /colonies tested tryptophan requirers 
Control: 
cys- X td,H 21/68 30.9 
Control: 
cys~ X mixture: td,H 
S-3H, S-14H, S-28H 13/156 8.3 


(equal parts) 


Mized cross of unknowns 
which do not segregate td,: 
cys- X mixture: S-13H 
S-33H—, S-32H—, S-18H 0/156 0 
(equal parts) 


Mized cross of unknowns 
which segregate td, 
cys- X mixture: S-1H 
S-25H~, S-19H 18/161 11.2 
(equal parts) 


Subsequent single crosses to test 
S-1H~, S-25H~, S-19H~ individually: 


cys" X S-1H— 31/80 38.7 
S-19H 34/68 50.0 


S-25H 0/46 0 





I- = colonies requiring tryptophan. 
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all but three of the mutant strains tested were actually true reversions. These 
three carried suppressor genes and they produce colonies with a diameter of 1.7 
or 1.8 mm (Figure 3). It therefore appears that suppressed strains are character- 
istically slow growers (yielding colonies with diameters less than 2.0 mm) while 
the true reversions form colonies varying in size from 0.5 mm to 4.5 mm. 

Maintenance of mutant characteristics through transduction: Although the 
particular characteristics of indole accumulation and slow growth were main- 
tained by each muthnt in serial transfer, it was desirable to determine whether 
these same characteristics were maintained through transduction. 

In several tests with suppressed mutants, it was shown that the suppressor gene 


TABLE 4 


Genetic data on selected spontaneous phenotypic revertants 





Percent 


Colony size Genetic test T-/colonies tested tryptophan requirers 














4.5 
tal Mixed 0/141 0 
4.0 if Cross 
4.0] 
3.7 Transduction 0/248 0 
52 Transduction 0/36 0 
3.2 
2.7 Mixed 0/156 0 
2.7 Cross 
2.6} 
22 Transduction 0/49 0 
ye Transduction 0/262 0 
2.0 Transduction 0/120 0 
1.8 Cross 69/146 47.3 
1.8 Cross 0/587 0 
iz Cross 155/301 51.5 
1.7 Cross 74/124 59.7 
1.5 Cross 0/100 0 
1,.5* 
| Mixed Cross 0/102 0 
1.3*| 
3 Cross 0/150 0 
1.2 Cross 0/112 0 
1.2 Transduction 0/87 0 
0.56* Mixed Cross 0/102 0 
0.5 Transduction 0/61 0 

Control 

Transduction 168/493 34.1 
(td, > cys-) 
Control 
Cross 83/258 32.2 
(cys- X td,H~) 
* These four strains were tested in the same mixed cross. 


= colonies requiring tryptophan. 
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TABLE 5 


Genetic data on spontaneous phenotypic revertants unselected for colony size 








Percent 
No Colony size Genetic test T-/colonies tested tryptophan requirers 
1 
2 
| Unknown Mixed Cross 0/264 0 
4 
| 
6 
| Unknown Mixed Cross 0/332 0 
8 
9| 
10 
1 | Unknown Mixed Cross 0/296 0 
12 
13| 
1+ 
a Unknown Mixed Cross 0/286 0 
16 
17] 





I colonies requiring tryptophan. 


could be transduced into a td, stock, yielding cultures which were indistinguish- 
able from the original suppressed mutant. One experiment, for example, gave the 
following results when the control and transduction mixtures were plated on 
minimal agar: The ¢d, reversion control gave three tryptophan-independent col- 
onies per 5 X 10’ cells plated, transduction of td, into td, gave one colony per 
5 X 10’ plated, while transduction of the two suppressor strains into td, gave 200 
to 300 slow-growing colonies per 5 X 10’ cells plated. In this experiment, twenty 
colonies were taken at random from each of the experimental plates and tested 
for indole accumulation. All of the colonies tested were indole accumulators and 
therefore the suppressor characteristics (slow growth on minimal agar and indole 
accumulation) were clearly transduced. 

Although the frequency of mutation of the recipient strain to slow-growing 
indole accumulators was much lower than the transduction frequency of the 
suppressor gene, it was felt that studies on the inheritance of a particular growth 
rate through transduction should be performed on transduced mutants which 
could not possibly be mistakenly identified with new phenotypic revertants. 
When a true reversion is transduced into cys~ it is recovered in the cys+ progeny 
about 36 percent of the time. Four reversions (F, E, B, and H) were reisolated 
in this new genetic background (cys~ strain) and their growth rates compared 
with the original revertant strains. A new wild type strain was also isolated from 
the products of one of these transductions. This strain was compared with the 
wild type K-12 strain which had been used as a control in other growth rate 
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experiments. The value given for reversion E (before transduction) was obtained 


in a previous experiment. 


It can be seen in Table 6 that, with the exception of strain H, the log phase 
generation time of the original strains and of the transduced strains agrees fairly 
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Ficure 3.—Correlation of genetic type with average colony size. Black bars represent sup- 


pressed mutants and white bars, true revertants. 
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TABLE 6 


Log phase generation time of true revertants before and after transduction into the cys- strain 





Generation time Generation time 


Stocks examined before transduction* after transduction 








Reversion F 84’ 87’ 
E 93’ 102’ 
B 150’ 165’ 
H 210’ 189’ 
Prototroph recovered from F — cys- 66’ 
Wild type K-12 60’ 





on unsupplemented minimal medium 


well. The small differences which were observed were not much greater than 
those obtained with the wild type control. The one exception, strain H, grows 
about ten percent faster after transduction than before. Since this strain is vari- 
able with respect to colony size, it is possible that a faster growing colony was 
picked from the transduction plate. In spite of this exception, the data on the 
other three reversions suggest that the growth rates characteristic of reversions 
are maintained through transduction. Thus it would appear that the factor or 
factors controlling growth rate are associated with the form of the td locus which 
was transferred by transduction. 

Tryptophan synthetase activity in extracts of selected suppressed strains and 
revertants: To determine whether tryptophan synthetase activity is correlated 
with growth rate, revertants representing seven different colony size classes and 
suppressed strains representing two different colony size classes were selected for 
enzyme studies. Tryptophan synthetase activity was detected in the extracts of 
each phenotypic revertant examined (Table 7). However, there was marked 


TABLE 7 


The tryptophan synthetase specific activity of various suppressed mutants and revertants 








Average diameter Generation Tryptophan synthetase 
Strain of colony time specific activity 
mm. sainaivne —_ ~~ 
suppressed strain A* 0.5 192 0.57, 0.71 
suppressed strain B 0.9 126 0.7 
suppressed strain C 1.3 117 0.63, 0.71 
suppressed strain D 1.3 135 0.5, 0.72 
reversion A* 0.56 114 0.4 
reversion B 12 123 0.3, 0.28 
reversion C 2.2 111 0.8 
reversion D* 27 96 1.9, 2.9 
reversion E 3.2 93 0.8 
reversion F 3.7 81 1.1, 1.25 
reversion G 4.4 72 0.23, 0.26 
wild type 5.0 69 2.9, 3.0 
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variation in the level of enzyme activity. When comparisons of activity of the 
extractable tryptophan synthetase are made between extracts of any phenotypic 
revertants, the reliability of the procedure employed must be considered in detail. 
As stated earlier, cultures were harvested for extraction when the concentration 
of cells was somewhere between 5 X 10°/ml and 10°/ml. One revertant was 
grown many times and repeatedly sampled at levels of growth corresponding to 
5 x 10° cells/ml and 10° cells/ml. The variation between the activities of these 
extracts (roughly ten percent) is no more than the variation observed between 
extracts from cells grown at different times and sampled at the same turbidity. 
In all cases colony size controls were performed on the inoculum and on the cells 
at the time of harvesting. With the exception of reversions A and D (as noted 
in Table 7) no pronounced selection for faster growing types occurred. 

The four selected suppressed strains have tryptophan synthetase specific activi- 
ties only about 20-25 percent that of wild type K-12 (Table 7). Although dif- 
ferences in growth rate occur among the four suppressed stocks, this is certainly 
not reflected in the tryptophan synthetase activity of their extracts. 

The seven selected revertants (Table 7) show much more variation in their 
specific activities—from ten percent of wild type activity to values approaching 
the wild type range. Enzyme content is not, however, strictly correlated with 
colony size. Reversion G grows well on minimal agar (average colony diameter, 
4.4mm) but has only ten percent of the wild type tryptophan synthetase activ- 
ity. Conversely, reversion D grows more poorly (average colony diameter, 2.7 
mm) but has high tryptophan synthetase specific activity. However, the control 
plates in the reversion D experiments showed evidence of the appearance of 
faster growers during the experiment. Colonies on these plates varied from 2.0 
mm to 3.3 mm in diameter. If the colonies of 3.3 mm represented the fastest 
growers in the population, this strain still shows more tryptophan synthetase ac- 
tivity than would be expected in comparison with the other reversions. 

If reversions D and G are omitted from the comparisons, there is a very rough 
positive correlation between growth rate and specific activity. 

All of the extracts examined were frozen after sonic treatment and tryptophan 
synthetase assays were usually performed within one to two days after the prepa- 
ration of the extract. On a few occasions, however, an extract was reassayed a 
week or more after the original determination had been made. In three of these 
cases (reversions B, F, and G) the enzymatic activity had dropped considerably. 
The tryptophan synthetase activity in extracts of wild type K-12 remains stable 
under these conditions for as long as six months. 

Genetic examination of the site of mutation in reversions: The fact that many 
of the revertants examined differed considerably from wild type in growth rate, 
accumulation behavior, and enzyme content raised the possibility that the second 
mutation, although apparently occurring within the td locus, may have occurred 
at a site distinct from the site of the original mutation. If this were the case, it 
would be expected that the original mutant area could be reisolated by a rare 
crossover event within the ¢d locus. 
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With this in mind, crosses similar to those previously described were per- 
formed on a larger scale. Four histidine-requiring td, reversions, A, D, G, and I, 
were crossed with cys— td+ and plated in the presence of tryptophan. The cys+ 
recombinants obtained were tested for their tryptophan requirement (Table 8). 


TABLE 8 


Tests for a rare crossover event in several revertants 





Reversion* Genetic test T-/colonies tested 


AH 0/421 


A Cross: cys 





x 
D Cross: cys- X DH 0/860 
G Cross: cys- X GH 0/1308 
I Cross: cys- X IH 0/819 
= The four reversions tested have widely different characteristic colony sizes. 
T- = colonies requiring tryptophan 


In analyzing the results of these crosses, two alternative possibilities must be 
considered: first, the site of reversion may be to the right of the td, mutant area 
(see diagram 1), and second, the site of reversion may be between cys— and the 
td, mutant area (see diagram 2). 














Diagram (1) Diagram (2) 
td, reversion reversion td; 
a, cys* i 
x ¥ —— x AJ : 7 
P i 4 H i 
os (a) cys (a) (b) 


If model (1) describes the situation, a rare single crossover at (a) would give a 
td, type in the cys+ progeny. If model (2) is correct, a double crossover (a) (b) 
would be required to give a cys+ td,. However, in bacteria, it is probable that 
only fragments of the donor chromosomes participate in recombination. In this 
case a double crossover in (1) and a quadruple crossover in (2) would be re- 
quired to give cys* td. 

Large numbers of cys*+ progeny were tested and no T— (cys+ td,) types were 
recovered. Since none were recovered, either the second mutation occurred at or 
extremely close to the site of the original mutation, or model (2) may represent 
the true situation in these particular strains. 


DISCUSSION 


Tryptophan-independent phenotypic revertants obtained from the tryptophan- 
requiring mutant ¢d, arise by both suppressor mutation and reversion. More 
than half of the phenotypic revertants which are recovered accumulate indole 
even though these same strains are able to grow in the absence of exogenously 
supplied tryptophan. This is true for both suppressed strains and true revertants. 
Of particular interest is the fact that in many of the strains examined wild type 
physiological activity was not quantitatively restored by reversion at the original 
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mutant locus. The name partial reversion will be used to describe this situation. 
Furthermore, the partial reversion class has been shown to include a striking 
variety of revertants that can be distinguished by characteristic growth rates and 
levels of enzymatic activity. 

Although, as expected, the number of phenotypic revertants increased after 
ultraviolet irradiation, the distribution of colony sizes was different from that ob- 
served in spontaneous mutation experiments. The spontaneous phenotypic re- 
vertants generally were of many different colony size classes with each of these 
classes including about the same number of strains. However, following ultra- 
violet treatment, proportionately more colonies less than 2.0 mm in diameter 
were obtained. Genetic studies have shown that these slower growing ultraviolet 
induced phenotypic revertants are suppressed mutants while the faster growing 
types are partial revertants. In the spontaneous mutation experiments, most of 
the T+ strains obtained were partial revertants. The few suppressed mutants 
which were isolated produced colonies 1.7—1.8 mm. in diameter. 

Considering these facts, it would seem that the ultraviolet treatment produces 
more suppressor mutations than true reversions. Although negative selection 
might explain the relative rarity of appearance of suppressed strains in the spon- 
taneous mutation experiments, in a recovery experiment which was performed 
this was not the case. The explanation for the observed difference is not known. 

The enzyme studies shows that tryptophan synthetase activity has been re- 
stored to some extent in both the suppressed mutants and the partial revertants. 
The strains chosen for these enzyme studies have widely different growth rates 
and it was hoped that, within each genetic group, there would be some correla- 
tion of growth rate with enzymatic activity. Such a correlation would be expected 
if tryptophan synthetase activity were the only factor limiting growth. The fact 
that all of these strains exhibit a growth response to added tryptophan demon- 
strates that the synthesis of tryptophan is one of the growth limiting factors. The 
four suppressed stocks which were examined showed no correlation between 
growth rate and enzyme content. Thus the full effect of suppressor mutations 
cannot be measured in terms of the amount of extractable enzyme present in 
crude preparations. With the partial reversions, there is some suggestion of a 
very rough correlation between growth rate and the amount of extractable 
enzyme activity; however, one of the partial reversions examined has much less 
tryptophan synthetase than would be expected and one has much more. Certainly 
for reversion D, which grows almost as well as wild type but has only ten percent 
of the wild type enzyme activity, it can be said that the physiological effect of the 
reverse mutation is not reflected in the quantity of extractable tryptophan syn- 
thetase which was detected. 

In view of the poor correlation in some cases between extractable enzyme 
levels and growth rate and the preliminary observation that the tryptophan syn- 
thetase in some of the partial revertants may be relatively labile on storage, it 
might be postulated that all of these partial reversions represent qualitative 
changes in tryptophan synthetase, i.e., that mutation has restored the ability to 
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form tryptophan synthetase but the enzyme formed is not identical with the wild 
type enzyme. Similar observations of instability or of alteration of specific 
enzymes restored by reversions have been reported by Gites (1957) and by 
FincHaM (1957) in studies with Neurospora. 

It was mentioned previously that, in addition to the indole accumulating 
phenotypic revertants, nonaccumulators were also obtained. These were origi- 
nally believed to represent complete reversion to wild type rather than partial 
reversion. Preliminary enzyme and growth studies, however, indicate that these 
nonaccumulators do not exhibit wild type characteristics although those strains 
which were examined were found to be true revertants by genetic tests. 

In addition it should be emphasized that although the mutational behavior 
described in this paper is characteristic for strain td,, an allele (td,) of this mu- 
tant seems to behave quite differently. Preliminary investigations with td, sug- 
gest that it always reverts to a nonindole accumulating, fast-growing type. 

Preliminary genetic tests were performed with the partial revertants of strain 
td, in an attempt to separate the sites of the original and second mutations. No 
evidence of separability was obtained. However, in view of the fact that many 
distinguishable partial revertants, each possessing tryptophan synthetase activity, 
are recovered from a single mutant, it would appear unlikely that all of the re- 
versions occurred at the exact site of the original mutation. Rather, it is more 
probable that mutational changes at other sites within the same gene can result 
in the formation of tryptophan synthetase proteins with characteristically dif- 
ferent turnover numbers. 


SUMMARY 


1. Tryptophan-independent (T+) phenotypic revertants were obtained from 
td,, a tryptophan-requiring mutant of £. coli strain K-12, both spontaneously 
and following ultraviolet treatment. 

2. Genetic studies show that T+ phenotypic revertants, either spontaneous or 
ultraviolet induced, arise both by suppressor mutation and reversion. Proportion- 
ately more suppressor mutations occur following ultraviolet treatment. 

3. Growth rate studies demonstrate that suppressed mutants are character- 
istically slow growers, while true revertants have widely different growth rates 
only sometimes approaching the wild type level. Revertants of this type are called 
partial revertants. 

4. The enzyme studies performed show that tryptophan synthetase activity 
has been restored to some extent in both suppressed mutants and partial revert- 
ants. However, studies of suppressed mutants and partial revertants with widely 
different growth rates show that in most cases enzymatic activity probably can- 
not be correlated with growth rate. Also, the extracted tryptophan synthetase of 
three partial revertants is more labile on storage than is the wild type enzyme. 
In view of these two latter observations it is postulated that in partial reversion 
the back mutation has restored the ability to form tryptophan synthetase but that 
the enzyme may not be qualitatively comparable to the wild type enzyme. 
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5. Preliminary large-scale genetic tests with four partial revertants have 
failed to separate the sites of the original and the second mutation. However, 
considering the fact that many distinguishably different partial revertants, all 
with tryptophan synthetase activity, are recovered from a single mutant it is 
proposed that some of the second mutational changes may have occurred at other 
sites within the original mutant gene. 
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EVERAL studies have now demonstrated that postirradiation oxygen treat- 

ments can markedly increase the initial X-ray damage in barley seeds 
(Apams, NILAN AND GUNTHARDT 1955; NiLan 1955; ApAMs AND NILAN 1958; 
Caupecotrt et al. 1957; Curtis, CALDECOTT AND Konzak 1957). One of the more 
striking of these after effects is the marked increase in the frequencies of chromo- 
some aberrations (Apams, NILAN AND GUNTHARDT 1955; ADAMS AND NILAN 
1958). 

The present investigation was undertaken to determine if the influence of 
oxygen after X-irradiation was random or differential in its action on the location 
of chromosome breaks in seeds. In other words, does oxygen increase chromosome 
aberrations in particular regions of the chromosomes? 

Such a study required a detailed analysis of the chromosome aberrations that 
was not possible with barley. Therefore, Crepis capillaris (2n = 6) with its 
readily identified chromosome arms was chosen as the experimental organism. 

In addition to providing data on the original objective, the study also disclosed 
some new information concerning chromosome breakage in Crepis. Here the 
increased chromosome rejoining in heterochromatic regions is of particular 
importance. 


MATERIALS AND METHODS 


The experiments were conducted with resting seeds of Crepis capillaris (2n=6). 
This species has only three pairs of chromosomes (A, C, and D) and each chromo- 
some arm is readily identified. Chromosome A is the longest and its short arm is 
longer than the short arm of either of the other two chromosomes; C is the short- 
est and its short arm is medium in size; D is medium in length and its short arm 
is very small and has a tiny satellite attached. The average lengths of the chromo- 
some arms at mitotic metaphase are as follows: Al 6.0 », As 1.8 »; Cl 3.0 w, Cs 1.0 
nu; Dl 4.9 », Ds 0.5 p. These measurements and a structural alteration in the D 
chromosome of the strain used in this investigation have been reported elsewhere 
(NILAN and Srre 1958). 

Samples of seeds at eight percent moisture obtained by storage over dry CaCl, 


1 Scientific Paper No. 1694 Agricultural Experiment Stations, Pullman, Washington. Projects 
1002 and 1068. Supported in part by U. S. Atomic Energy Commission Contract No. AT (45-1)- 
353 and funds provided for Medical and Biological Research by State of Washington, Initiative 
Measure 171. 





EEE aS 





CHROMOSOME ABERRATION 125 


were X-irradiated at 1500r and 3500r in a single layer on a turntable which was 
centered 42 cm beneath a beryllium window of an AEG 50 Machlett X-ray tube. 
The tube was operated at 34 KV and 25 ma without filter. The high voltage 
supply produced full wave rectification smoothed out by a 0.2 microfarad con- 
denser. The voltage was read on a meter having voltage resistance in series. Doses 
were given at the rate of 990r per minute at the surface of the seed as measured 
by a Victoreen condenser r meter with a nylon walled 250r chamber. 

The oxygen gas for the postirradiation treatments was obtained from com- 
mercial cylinders (Industrial Air Products) and assayed as follows: 99.6 percent 
0, + 0.4 percent N,. The X-irradiated seeds were immediately placed in specially 
constructed chambers under 100 lbs pressure and stored for 42 days after the 
irradiation. During the posttreatment the gas was changed every three days. 
Samples of the seeds were analyzed cytologically immediately after, and 3, 
15, 28, and 42 days after the irradiation. Samples of nonirradiated seeds were 
analyzed before storage and after 42 days of storage in oxygen. 

Following the various treatments the seeds were germinated on filter papers 
in petri dishes. When the root-tip cells were undergoing their first mitotic divi- 
sions, the seeds were placed in .002 M 8-hydroxyquinoline for 114-2 hours. 
Aceto-orcein squash preparations were made of the root tips, and the slides were 
made permanent with Euparal. This technique has been described in greater 
detail by Ts10 and Levan (1950). 

The cytological analysis consisted of recording the numbers of normal and dis- 
turbed cells, frequencies of dicentric chromosomes, and frequencies of isodia- 
metric and rod acentric fragments at metaphase. Except for a few chromatid 
breaks, all of the aberrations were of the chromosome type. 

Chromosome breaks which rejoined to form dicentric chromosomes were tabu- 
lated. These breaks were the easiest to identify and could be located with con- 
siderable accuracy. Translocations resulting from the rejoining of centric and 
acentric fragments were more difficult to identify. The total number of detectable 
breaks was determined by adding the dicentric breaks, other translocation breaks, 
and simple breaks (no rejoining). The majority of the simple breaks were identi- 
fied and located from scoring rod fragments that had not restituted or rejoined 
and that were not associated with a translocation. This was a more reliable 
measure of simple breaks than scoring from isodiametric fragments. Neverthe- 
less, these simple breaks could not be identified and located as easily as the di- 
centric breaks. Intrahomologous dicentrics and chromatid breaks were also re- 
corded. The breaks in the various chromosome arms of many cells were located 
by drawing the chromosome aberrations resulting from the breaks. The normal 
chromosome complement of Crepis capillaris and some of the aberrations ob- 
served are shown in Figures 1 to 5. 

RESULTS 


Effects of oxygen 
Chromosome aberration frequencies: Postirradiation treatment of 100 Ibs 
pressure of oxygen increased the frequencies of abnormal cells, dicentric chromo- 
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Ficures 1-5.—Photomicrographs of somatic metaphase chromosomes of Crepis capillaris show- 
ing X-ray induced aberrations. All figures are ca. « 2600. 

Figure 1.—Chromosomes A, C, and D of a normal cell. 

Figure 2.—Intrahomologous translocation involving the long arms of A; no fragments. 


Ficure 3.—Dicentric chromosome involving the long arm of A and the long arm of C; two 
pairs of rod fragments. 


Ficure 4.—Intrahomologous dicentric chromosome involving the short arms of the A chromo- 
somes; one isodiametric fragment (arrow) and one pair of fragments just detached from the 
long arm of D. 


Figure 5.—Chromatid break in the long arm of D. 


somes and isodiametric and rod fragments (Table 1). During 42 days of post- 
irradiation treatment aberration frequencies gradually increased. The isodiamet- 
ric fragment frequencies increased faster than the rod fragment frequencies. 
Seeds X-rayed at 3500r and given the same posttreatments showed similar in- 
creases in abnormal cells, dicentrics, and fragments. Nonirradiated seeds stored 
for 42 days in oxygen showed considerably more aberrations than the control. 
Proportions of breaks in the chromosome arms: Table 2 presents the total and 
dicentric breaks in each chromosome arm immediately following X-irradiation, 
and after postirradiation treatments of oxygen. Since X-ray dose did not alter 
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Frequencies of abnormal cells, chromosome dicentrics, and rod and isodiametric fragments in 
X-irradiated (1,500r) seeds of Crepis capillaris stored in oxygen at 100 lbs 
pressure from 0 to 42 days 





Treatment 








Cells 


( hromosome aberrations 





Abnormal 











Posttreat. Dicent. Iso. r= Rod frag. 
X-ray days Number percent /cell /ce /cell 
1500r 0 393 24.9 .09 16 .23 
1500r 3 193 50.3 .26 Bs 59 
1500r 15 319 77.7 32 1.75 1.07 
1500r 28 250 82.8 36 2.10 1.09 
1500r 42 277 90.6 52 3.41 1.89 

Or 0 172 1.2 .006 .000 .000 

Or 42 281 4.2 .018 .035 .035 

TABLE 2 


Proportion of total breaks and breaks leading to dicentrics in each chromosome arm of X-irradiated 
(1,500r and 3,500r) seeds of Crepis capillaris stored in orygen at 100 lbs 
pressure from 0 to 42 days 





Oz post 
treatment 


None 


3 days 


15 days 


28 days 


42 days 


Breaks 


Percent 


Dicent. no. 


Percent 


Total no. 
Percent 


Dicent. no. 


Percent 


Total no. 
Percent 


Dicent. no. 


Percent 


Total no. 
Percent 


Dicent no. 


Percent 


Total no. 
Percent 


Dicent. no. 


Percent 


Total no. 


503 
31.7 
198 


to 


99 
32. 
34 
30.0 


Or 


tos bt bt 
ro NN = 


x? on total breaks obtained 


x? on total breaks expected (25 d.f.) 


Chromosome arms 


As Cl Cs DI 
188 368 70 401 
11.9 23.2 4.4 25.3 
81 209 48 182 
10.7 27.7 6.4 24.1 
19 35 10 41 
12.2 22.4 6.4 26.3 
10 22 8 29 
10.0 22.0 8.0 29.0 
52 73 23 90 
5.2 21.3 6.7 26.3 
49 15 48 
13.0 26.6 8.2 26.1 
47 53 19 75 
15.4 17.4 6.2 24.6 
24 35 10 47 
13.3 19.4 5.6 26.1 
59 95 39 102 
13.6 21.9 9.0 23.6 
42 73 30 63 
14.5 25.2 10.3 21.7 
36.06 


37.65 at 5% level 
44.31 at 1% level 
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the proportion of breaks in each chromosome arm the data from the 1500r and 
3500r treatments were combined. 

By inspection it can be seen that the oxygen treatments did not alter the pro- 
portion of these breaks in each arm. This conclusion is supported by the fact that 
none of the differences were significant according to a chi-square test of inde- 
pendence in a row X column heterogeneity table (SNEDECOR 1956). 

Rejoining of chromosome breaks: The number of breaks that rejoined was de- 
termined in the following manner: The number of dicentrics in each treatment 
(Table 1) was scored with considerable reliability. However, translocations, 
other than dicentrics, were more difficult to score. If the two translocated seg- 
ments were approximately the same length, it was impossible to know if an aber- 
ration was present. Thus, the total number of translocations (rejoined chromo- 
somes) were considered to be double the number of dicentrics. It is assumed in 
this calculation that if two chromosomes break in a cell, chance determines which 
two ends come together to form the reconstituted chromosomes. If breaks occur 
in any two arms and rejoining takes places, the result can be either a dicentric 
chromosome plus one (Figure 4) or two (Figure 3) fragments or two trans- 
located chromosomes with no fragments (Figure 2). According to LEwitsky and 
Stzova (1935) the “X-ray translocations in Crepis are for the most part, if not 
all, reciprocal.” The present study supports this conclusion since most dicentrics 
were accompanied by only one fragment. In addition, there was no evidence of 
preferential rejoining between certain arms of the chromosomes in any of the 
treatments applied. 

The breaks that did not rejoin were computed from the fragment number. 
This number was halved since each ‘pair of fragments scored was the result of 
one break. Moreover, the fragments remaining from dicentric formation were 
subtracted. The breaks that remained were those leading to fragments that did 
not rejoin or become restituted. 

The data in Table 3 which were computed in the above manner reveal that 
X-irradiation without oxygen posttreatment produced 4.3 breaks that rejoined to 
one break that did not rejoin. However, after 15 days of postirradiation treatment 


TABLE 3 


Ratios of chromosome breaks that rejoined to simple breaks (breaks that did not restitute or rejoin) 
in X-irradiated (1,500r) seeds of Crepis capillaris stored in orygen at 
100 lbs pressure from 0 to 42 days 





Rejoined breaks 





Oz post Dicentric Breaks that Fragment Simple — 
treatment bridge no. rejoined pairs breaks Simple breaks 
None 34 136 75 41 4.3 
3 days 50 200 110 60 2 
9 days 51 204. 165 104 2.0 
15 days 102 408 450 348 1.2 
28 days 90 360 401 311 1.15 
42 days 145 580 734 589 1.0 
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in oxygen the ratio was reduced to 2:1 and after 42 days it was further reduced 
te 1:1. 


Distribution of breaks in relation to chromosome length 


If the chromosome breaks induced by X-rays are random, then the frequency 
of breaks in each chromosome arm should be directly related to the length of the 
arm. To ascertain the expected distribution of the breaks in Crepis capillaris, the 
length of each arm was converted to a percentage of the total length (17.2 mi- 
crons at mitotic metaphase) of all the chromosomes. The expected number of 
breaks in each arm was determined by multiplying the percentage figure by the 
total number of breaks in all chromosome arms. Chi-square tests were conducted 
to determine if the differences between the number of observed breaks and ex- 
pected breaks in each arm were significant. 

The observed number of breaks leading to dicentrics was much greater than 
expected in the long arm of C and less than expected in the long arm of A (Table 
4). On the other hand, there were more simple breaks than expected in the long 


TABLE 4 


Proportion of breaks leading to dicentrics and simple breaks in each chromosome arm of 
X-irradiated Crepis capillaris seeds 


(Summary of 8 replications) 











Type of break Al As Cl Cs Di Ds 
Breaks leading to dicentrics 
Observed 198 81 209 48 182 36 
Expected on 
basis of length 259 78 130 43 212 22 
x 15.00** 05 44.42** 21 4.53* 6.50* 
Simple breaks 
Observed 77 13 21 0 38 0 
Expected on 
basis of length 52 16 26 9 42 + 
12.02** 56 .96 9.0** 38 40° 





arm of A and less than expected in the short arm of C. These differences are 
significant at the one percent level. The proportions of breaks in the remaining 
arms were not significantly different from expected. This differential breakage 
in relation to chromosome length was not influenced by oxygen posttreatment. 


Relation to heterochromatin 


Location of chromosome breaks: After many chromosome breaks were ob- 
served, it became clear that a large majority of the breaks leading to dicentrics 
occurred in or near the heterochromatic regions of the chromosome arms. These 
regions can be determined in prophase chromosomes in root-tip cells treated with 
oxyquinoline (Ts1o and Levan 1950). The entire short arm and the proximal 
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and the very distal end of the long arm of each chromosome are heterochromatic. 
Furthermore, the heterochromatic areas in the long arms are approximately 
equal in size. Similar areas of heterochromatin in the chromosomes of Crepis 
capillaris have been pictured earlier (Kostorr and ArRUTIUNIAN 1938). 

Two hundred dicentric breaks were analyzed, and the locations of the breaks 
were tabulated (Table 5). Sixty-five percent of the breaks were definitely lo- 


TABLE 5 


Frequency of X-ray induced breaks leading to dicentrics and simple breaks in euchromatic and 
heterochromatic regions of chromosomes of Crepis capillaris 





Euchromatic 
Heterochromatic Euchromatic¢ or heterochromatic 
region region region 








Number Percent Number Percent Number __ Percent 


Breaks leading to dicentrics 129 65 + 2 67 33 
Simple breaks 24 24 62 62 14 14 








cated in heterochromatin, 2 percent in euchromatin; the remaining 33 percent 
could have been in either area. However, most of these questionable dicentrics 
were more likely formed from breaks in heterochromatin for usually the di- 
centric was of the same length as one or the other of the donor chromosomes. In 
other words, one donor chromosome had broken near the centromere and the 
other had broken near the distal end of the long arm. 

One hundred simple breaks were scored for their distribution on the chromo- 
somes (Table 5). Sixty-two percent were definitely in euchromatin, 24 percent 
were in heterochromatin, and 14 percent could not be distinguished. 

Frequencies of dicentric breaks: The heterochromatic regions of the long arms 
are about equal in length. The dicentric breaks in each long arm occur with 
about equal frequency (Tables 2 and 4). This observation is substantiated by 
significantly low chi-square values (Table 6). The frequencies of dicentrics in- 
volving the short arms (Tables 2 and 4) also indicate a positive relation to hetero- 
chromatin. As indicated earlier, the entire short arms are heterochromatin and 
as shown in Table 6 the frequencies of breaks are also related to length. 


Frequency of chromatid breaks 


There were 1587 chromosome breaks and 35 chromatid breaks (Figure 5) in 
the various treatments. The chromatid breaks thus comprised 2.16 percent of the 
total breaks observed. These breaks appeared to be nonrandomly distributed, 
because 25 were in the long arm of D chromosome, six in the long arm of A, and 
four in the long arm of C. This distribution was not influenced by the oxygen 
treatments. 


Frequency of intrahomologous exchanges leading to dicentrics 


On the basis of the six Crepis chromosomes, 15 combinations or exchanges 
leading to dicentrics are possible. Of these, three (20 percent) can be exchanges 
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TABLE 6 


Chi-square tests of the relation between breaks leading to dicentrics and length of heterochromatic 
regions in long and short arms of the chromosomes in X-irradiated 
Crepis capillaris seeds 











Observed Expected - 
LongarmofA 198” 196 i 
Long arm of C 209 196 .863 
Long arm of D 182 196 1.000 
1.883 
Short arm of A 81 90 .900 
Short arm of C 48 50 .080 
Short arm of D 36 25 4.840* 
5.820 





between homologous chromosomes. Table 7 shows that the number of intra- 
homologous dicentrics fits the expected value very well. The oxygen treatments 
did not influence the frequency of intrahomologous exchanges. 


DISCUSSION 


The present study clearly shows the pronounced after effect of oxygen treat- 
ment on X-ray induced chromosome aberration frequencies in seeds of Crepis 
capillaris. Thus, similar results found earlier in barley are confirmed (Apams, 
NILAn and GuntTHARDT 1955; NiLtan 1955; ApAaMs and NILan 1958; CALDECOTT 
et al. 1957). 

It is shown in the present study that an oxygen posttreatment does not in- 
fluence differentially the induced chromosome breakage pattern in Crepis capil- 
laris. Apparently oxygen is quite random in its influence and uniformly increases 
aberrations in all the chromosome arms. 

Earlier reports (Apams, NrtaAn and GuntHarpT 1955; Apams and Nian 
1958) have attempted to arrive at a suitable hypothesis to account for increased 
chromosome aberration frequencies during post-X-ray treatments. Two hy- 


TABLE 7 


Frequency of intrahomologous chromosome exchanges leading to dicentrics in X-irradiated 
seeds of Crepis capillaris 








Number Percent 
Total dicentrics 377 100 
Observed intrahomologous dicentrics 87 23.1 
Expected intrahomologous dicentrics 75.4 20.1 
x? 1.78 
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potheses were considered appropriate. One of these concerned the effect of oxygen 
on the restitution of induced chromosome breaks (cf. Schwartz 1952; SwANsON 
and ScHwartz 1953). The second relates to the effect of oxygen on the conversion 
of latent to primary breaks (cf. Swanson 1954). However, from previous data 
it was impossible to distinguish between these two hypotheses. 

Evidence has now been presented in this paper that suggests that a major 
effect of oxygen during the postirradiation treatments is to inhibit the restitution 
of chromosome breaks. As the storage period progresses, more and more breaks 
fail to restitute. Furthermore, many of the breaks do not rejoin to form dicentrics 
(Table 3). This is shown by the finding that the ratio of breaks that rejoined to 
those that did not rejoin decreased from 4.3:1 immediately after irradiation to 
1:1 42 days after irradiation. This interpretation can account for the striking 
increase in fragments as compared to dicentric chromosomes found during 
oxygen storage of X-irradiated seeds. 

Support for this interpretation can be found in the cytological studies of the 
after effects in barley seeds (ApamMs and Nitan 1958). In these seeds, also, there 
is a very marked increase of fragments during the postirradiation period and a 
much smaller increase of dicentric chromosome bridges. Furthermore, differ- 
ential rejoining and restitution has been considered a factor in the increased 
chromosome sensitivity to X-irradiation in certain stages of mitosis in micro- 
spores of Tradescantia (Bishop 1950; Sparrow and MaLpawer 1950; DescHNER 
and Sparrow 1955). 

In order to determine if the inhibition of restitution was due to oxygen or the 
pressure, an experiment was conducted using nitrogen as the storage atmosphere. 
Seeds in this experiment were irradiated at 1500r and stored separately under 
100 lbs pressure of nitrogen (Industrial Air Products—99.6% N + 0.4% O,. and 
CO.) and 100 lbs pressure of oxygen for three weeks. The seeds were maintained 
at four percent moisture throughout the experiment. 

It can be seen in Table 8 that the frequencies of aberrations after three week 
storage in nitrogen are somewhat higher than those in the nonstored seeds but 
much lower than those found in the seeds stored in oxygen. Presumably the 
slight increase in the nitrogen stored seeds is due to the oxygen already present 
in the seeds. Similar results have been obtained in this laboratory with barley 


TABLE 8 


Frequencies of abnormal cells, chromosome dicentrics, and rod and isodiametric fragments in 
X-irradiated (1,500r) seeds of Crepis capillaris stored in oxygen and nitrogen at 
100 Ibs pressure from 0 to 21 days (summary of two experiments) 











: Cells Chromosome aberrations 
a Treatment Abnormal Dicent. Frag. 
X-ray Posttreat. Number percent /cell /eell 
1500r no storage 276 12 04 .16 
1500r N, storage 279 32 10 83 


1500r O, storage 306 86 "56 3.69 








| 
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(Apams and NiLan 1958; NriLan and Kronstap 1958). Apparently, then, oxy- 
gen and not the pressure is chiefly responsible for the increase in aberrations and 
hence the inhibition of restitution in the X-rayed stored seeds. 

Especially interesting is the finding that oxygen under pressure can induce 
chromosome aberrations (Table 1). Preliminary studies (unpublished) in barley 
have also indicated that oxygen per se can break chromosomes in seeds. This 
result supports the data of Concer and Farrcuitp (1952) which showed that 
oxygen can cause chromosome breaks in Tradescantia pollen. 

A number of reports have presented evidence for non random chromosome 
breakage and many of these have been summarized by Sparrow (1951). Nava- 
SHIN and GerassimMova (1936) concluded that all the chromosomes of the set of 
Crepis capillaris broke with a frequency dependent upon their length. Their 
data, on the other hand, indicated that the frequency of chromosome breaks in 
the long arm of chromosome C was higher than would be expected on the basis of 
its length. This finding agrees with the results of the present work. 

Lewitsky and Sizova (1935) reported increased break frequency in the 
proximal regions of the long arms of chromosomes A, D, and C and in the central 
region of the long arm of C. They indicated that the “liability to fragmentation” 
in these arms is associated with a lesser contraction of the chromonema in these 
particular regions. However, these conclusions were reached from a small 
number of breaks, and the differences indicated may not be significant. 

A large majority of the breaks that rejoin to form dicentrics are located in or 
near the heterochromatin. The breaks that do not rejoin (simple breaks), on the 
other hand, are most frequently found in the euchromatic regions (Table 5). 
This fact suggests that heterochromatin and euchromatin have different effects 
on chromosome rejoining and restitution. 

The different influences of heterochromatin and euchromatin on the behavior 
of chromosome breaks can explain the apparent non randomness of the dicentric 
breaks in the long arms of A and C and of the simple breaks in the long arm of 
A and the short arms of C and D (Table 4). As the long arm of the A chromo- 
some is the longest, one might have expected that it would have more dicentric 
breaks than the long arms of C or D. Such was not the case. Dicentric breaks 
occurred with equal frequency in the long arms of A, C, and D. Thus, though the 
breaks per chromosome arm were equal, breaks per unit of length were not. On 
this basis, the long arm of C had more breaks and the long arm of A fewer than 
expected. However, when compared by amounts of heterochromatin the observed 
breaks equalled the expected (Table 6). The frequencies of dicentric breaks in 
the short arms were proportionate to the lengths (Table 6). Here it should be 
recalled that the short arms are entirely heterochromatic. 

The data pertaining to the simple breaks (Table 4) are not very extensive but 
nevertheless appear to fit into the general scheme. The increase of simple breaks 
over the expected in the long arm of A could be due to the longer region of euchro- 
matin in relation to total length. Since the short arms of C and D are entirely 
heterochromatic no simple breaks would be expected and none were found. The 
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appreciable frequency of simple breaks in the short arm of A cannot be accounted 
for at this time. 

The finding that breaks tend to rejoin more in heterochromatin than in euchro- 
matin is difficult to understand. One clue may be obtained, however, from the 
reports that pairing between non-homologous chromosomes is initiated between 
heterochromatic segments in haploid rye (Levan 1942) and haploid Triticum 
monococcum (KostorF 1938). Such an affinity of heterochromatin between non- 
homologous chromosomes of Crepis capillaris would possibly provide greater 
opportunity for rejoining between heterochromatic than between euchromatic 
segments of the chromosomes. 

The data and above conclusions suggest that the apparent non randomness of 
chromosome breaks by X-rays in Crepis capillaris seeds is a consequence of the 
rejoining and restitution processes rather than the breakage process. In other 
words, the initial chromosome breakage in Crepis chromosomes is actually 
random, but through differential influence of euchromatin and heterochromatin 
on rejoining and restitution the breaks in certain arms appear to be non random. 
This hypothesis was suggested earlier by Sax (1940). Sparrow (1951), and 
Swanson (1957). Furthermore, Sparrow (1951) summarized several reports 
which indicate that in chromosomes of certain species euchromatin and hetero- 
chromatin differ in their sensitivity to X-ray damage. 

NavasHIN and Gerassimova (1936) reported that the X-ray induced intra- 
homologous exchanges in Crepis capillaris occurred at the expected frequency. 
The present paper supports this finding (Table 7) and further shows that the 
proportions of these exchanges are not altered by oxygen posttreatment. 

The occurrence of chromatid breaks in supposedly monopartite chromosomes 
(cf. CaLpEcott and SmitH 1952) of resting seeds of Crepis capillaris cannot be 
accounted for at this time. Nor is there a ready interpretation for the high fre- 
quency of these breaks in the long arm of D. 


CONCLUSION 


From the above data and hypotheses it may be concluded that the initial X-ray 
induced breaks in chromosomes of resting seeds of Crepis capillaris are at random. 
The apparent non randomness of breaks by X-rays in certain arms of the chromo- 
somes is due to the differential influence of euchromatin and heterochromatin on 
the rejoining and restitution of the chromosome breaks. 

Oxygen applied after X-irradiation has no influence on the proportion of aber- 
rations which occur in each chromosome arm. Nevertheless, through its influence 
on restitution and rejoining of chromosome breaks it uniformly increases the 
frequencies of chromosome aberrations in all arms. 

During the oxygen posttreatments the broken ends in the euchromatin “heal,” 
restitution and rejoining are inhibited, and an increasing number of fragments 
result. In the heterochromatin, on the other hand, the oxygen is not as effective in 
“healing” and some rejoining does occur. This can account for the much more 
rapid increase of fragments (from inhibition of restitution in the euchromatin) 


! 
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than dicentric chromosomes (from some rejoining in the heterochromatin) dur- 
ing the postirradiation oxygen treatments. 


SUMMARY 


Resting seeds of Crepis capillaris (2n=6) were X-irradiated at 1500r or 3500r 
and then stored under 100 lbs oxygen pressure for periods up to 42 days. The 
frequencies of abnormal cells, dicentric chromosomes, and acentric rod and iso- 
diametric fragments increased during the postirradiation oxygen treatment. Non- 
irradiated seeds exhibited an appreciable frequency of chromosome aberrations 
after 42 days of the oxygen treatment. Oxygen had no influence on the proportion 
of breaks in each chromosome because it uniformly increased the aberrations in 
all six chromosome arms. However, oxygen did appear to inhibit the restitution 
and rejoining processes since the ratio of breaks that did rejoin to those that did 
not rejoin decreased during the postirradiation treatment. 

In both X-irradiated and stored X-irradiated seeds, certain arms exhibited fre- 
quencies of breaks leading to dicentric chromosomes and simple breaks (those 
that do not rejoin or restitute) that significantly differed from the frequencies 
expected on the basis of length of arms. The cause of this apparent non random- 
ness was found in the relation of euchromatin and heterochromatin to chromo- 
some breaks. Breaks leading to dicentrics occurred in or near the heterochromatic 
areas whereas the simple breaks occurred in the euchromatic areas of the chromo- 
some arms. When the observed frequencies of breaks were compared with the 
lengths of heterochromatin and euchromatin in each arm, they equalled the ex- 
pected frequencies. It is concluded that X-ray induced breakage probably occurs 
at random in Crepis capillaris chromosomes, and the apparent non randomness 
of these breaks is due to the differential influence of euchromatin and hetero- 
chromatin on the rejoining process. 

The frequency of intrahomologous exchanges observed equalled the expected 
frequency. However, higher than expected frequencies of chromatid breaks were 
found; most of these breaks occurred in the long arm of D. 
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OMATIC sergregation from heterozygous diploids in molds has been analyzed 

in detail for Aspergillus nidulans by Pontecorvo et al. (PonTrEcorvo, TARR 
Gtioor and Forses 1954; Ponrecorvo and Karer 1956). Basically the same 
processes seem to take place in Penicillium chrysogenum (SERMONTI 1956, 
1957), and probably also in Aspergillus oryzae (IsH1TaN1, IkEpA and SAKAGUCHI 
1956). Somatic segregation analysis is comparatively straightforward where it 
concerns visible or easily selected markers (PonTEcoRvo and KaFer 1956; Roper 
and KaFrer 1957), but it becomes extremely laborious for invisible markers like 
nutritional deficiency, and impracticably difficult when the genes involved are 
those quantitatively controlling the production of antibiotics or other metabolites. 
Even segregation analysis of color markers is made laborious, in Penicillium 
chrysogenum, by the impossibility of microscopic identification of the color segre- 
gants as single yellow or white heads on the sporulating surface of heterozygous 
diploids (PontEcorvo 1953; SERMonTI 1957). Color segregants in this species 
appear, either as entire colonies or as macroscopic sectors, after plating conidia 
of the heterozygous diploid on complete medium. The rate of spontaneous ap- 
pearance is sometimes so low that the collection of a modest number of segre- 
gants demands the observation of many thousands of colonies. 

Attempts to increase the rate of somatic segregation of heterozygous diploids 
were made by Ikepa, IsH1TaN1 and NaKAMuRA (1957) on Aspergillus oryzae 
by ultraviolet irradiation of heterozygous diploid conidia, and by Morpurco and 
SERMONTI (1958) on Penicillium chrysogenum by ultraviolet irradiation of coni- 
dia and by treating them with various chemical mutagenic agents. Somatic segre- 
gation was strongly stimulated in almost every case by the action of the muta- 
genic agents. In Morpurco and SERMonrTI’s paper (1958), the delayed appear- 
ance of segregating sectors in colonies derived from conidia which had survived 
mutagenic treatment was very striking, suggesting a delayed effect of the muta- 
genic agent. An analogous delayed effect of chemical mutagenic agents had been 
noticed by AUERBACH (1951) in Drosophila melanogaster. 

The present paper was begun as an analysis of this effect in the material under 
discussion. 


MATERIALS AND METHODS 


Strain: The strain used throughout the work was heterozygous diploid XXXIV 
of Penicillium chrysogenum from the Istituto Superiore di Sanita collection. The 
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diploid was synthesized by Roper’s method (Roper 1952; PonrEecorvo and SErR- 
MONTI 1953) between strains 173 y py (derived from strain Wis. 49.133) and 
176 w cy (derived from strain Wis. 50.1247). The genotype of heterozygous dip- 
loid XXXIV may therefore be symbolized as: 


Y PY wcy 
y pyWCY 


No information was available at the beginning of the experiments about the 

linkage relations between the markers concerned. An attempted mapping will be 
discussed in the last section on the basis of the results reported. The symbols used 
are to be understood as follows : Y/y, green versus yellow conidium color; PY /py, 
nutritional independence versus requirement of pyridoxin; w/W, white versus 
green condium color; cy/CY, requirement of methionine or cysteine versus 
nutritional independence. The phenotype of the diploid is prototrophic and has 
green conidia. 
Use of nitrogen mustard: The only agent used for stimulation of somatic segrega- 
tion was a pharmaceutical preparation of the nitrogen mustard methy]-bis(- 
chloroethyl) amine (Cloramin) in sterile 5 mg vials (Smmes, Mitan). It will be 
referred to hereinafter by the code name HN-2. Two ml of a sterile aqueous solu- 
tion of NaHCO, (6.3 percent, w/v) were added with a Pasteur pipette to one vial 
of HN-2, shaken until the mustard was dissolved and then mixed with two ml of 
an aqueous suspension of 4.10" conidia of the strain to be treated. After 3-4 min- 
utes the suspension was diluted ten times in a sterile decontaminating solution 
(0.6 g glycine, 0.7 g NaHCO,, one liter distilled water.) The decontaminated sus- 
pension was kept at +5°C until required for use. The survival rate of the conidia 
at the end of treatment was 0.008—0.050, with no appreciable variation during 
the first 3-4 weeks of storing at +5°C. 

In the last part of the experiments the method was modified; the HN-2 was 
dissolved in distilled water, and the conidia were suspended in the aqueous solu- 
tion of NaHCO,. Only in a very few cases was ultraviolet irradiation used as a 
mutagenic agent (PonTEcorvo and SERMONTI 1954). 

Media: The media used were a complete medium (CM), based on corn steep- 
liquor, nucleic acid, vitamins, etc. (SERMONTI 1957), and Czapek-Dox’s minimal 
medium (MM). 

Plating of conidia: The method adopted as standard in this laboratory was used 
in the first part of the experiments, i.e. 0.1 ml of conidium suspension of known 
density was spread with a glass rod over the agar surface of each petri dish. A less 
cumbersome method was later employed for carrying out platings starting from 
a single colony: conidia are harvested from the surface of the colony with a small 
drop of water held in a calibrated loop, which is then shaken in 2 ml of sterile 
water. The suspension is then diluted 1,000 times. Suspensions obtained in this 
way contain 10—30 conidia per 0.1 ml and can be plated by the standard method. 
Penicillium chrysogenum conidium chains immediately break up when placed 
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in water and gently shaken, so that the conidium suspensions always consisted 
of isolated conidia. Cultures were incubated at 24—27°C. 

Terminology: Single colonies presumably developed from single conidia will be 
regarded as individuals in this paper, with a life cycle extending from germina- 
tion of the original conidium to conidium production in the colony derived from 
it. Colonies derived from plating of the latter conidia will be regarded as belong- 
ing to the “generation” following that of the colony producing such conidia. This 
convention simplifies the record of the life history of colonies, by simply mention- 
ing the “generation” to which they belong. Colonies obtained from conidia of 
heterozygous diploid XXXIV will be regarded as belonging to the parental gen- 
eration (P), those from conidia of the P colonies as belonging to the first filial 
generation (F,). Later generations will be recorded as F,, F,, etc. This termin- 
ology is purely conventional. 


RESULTS 


Effect of HN-2 on somatic segregation 


HN-2-treated and untreated (control) diploid conidia were plated on complete 
agar at density of about 30 living conidia per dish. The colonies were observed for 
about ten days and on the last day of observation the number of colonies segregat- 
ing for color or showing segregant sectors was recorded. The proportion of 
colonies displaying markers heterozygous in diploid XXXIV was greatly in- 
creased by the action of HN-2 on the conidia (Table 1). An analogous effect has 


TABLE 1 


Somatic segregation from diploid XXXIV: y py / wey of Penicillium chrysogenum: 
spontaneous segregation and segregation after HN-2 treatment 





Number of segregants observed 





Phenotype Symbol Whole colonies Sectors Total 


_ A. Spontaneous segregants 








Yellow prototrophic Y 10 7 17 
pyridoxineless ¥ py 

White prototrophic w 
cysteineless w cy es 1 1 
cyst.-pyrid.-less w cy py re = in 

Green (non tested) 706 7 713 

B. Segregants after treatment 

Yellow prototrophic* ¥ 11 16 27 
pyridoxineless+ y py 5 2 7 

White prototrophic w 5 ee 5 
cysteinelesst w cy 22 6 28 
cyst.-pyrid.-lesst w cy py 1 2 3 

Green prototrophic + 141 21 162 
pyridoxineless py 2 1 3 





* Conidia sometimes of haploid size, sometimes of diploid size. 
+ Conidia always of haploid size. 
~ Among 14 white segregants from another clone, 7 were w cy and 7 were w cy py. 
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been obtained with diploid VII (me w/y thi pr) (results not published in this 
paper). What is particularly striking is the increased proportion, among colonies 
derived from conidia surviving HN-2 treatment, of colonies exibiting segregation 
of color markers in the form of sectors. In such sectors the segregation process is 
certainly subsequent to the plating of the conidia. The rate of such sectoring 
colonies among untreated colonies is about 0.01, while among treated colonies 
it is about 0.1 (Table 1). The proportion of complete yellow or white colonies is 
also increased after HN-2 treatment, from 0.014 to 0.18 (Table 1). These could 
have been produced by a segregation process previous to conidium formation, 
but the great increase in their number among colonies derived from treated conid- 
ia makes it highly probable that in this case the majority of the segregant clones 
have originated subsequent to conidium collection, as a result of the action of 
HN-2. If it is assumed that each segregation process gives rise to two segregant 
nuclei in such cases one of the segregant nuclei must be supposed to have been 
eliminated, either by a disadvantageous mutation or as a result of genetic drift. 
Alternatively, some segregation process must be assumed which does not give 
rise to complementary nuclei, such as deletion, aneuploidization, etc. 

Seven different segregant phenotypes out of the ten theoretically possible ap- 
peared after HN-2 treatment. Their ploidy is not easy to determine, on account 
of the irregularity of conidium size within each strain. Some of the yellow col- 
onies (see note to Table 1) produced what were clearly normal conidia of the 
same size as those of haploid strains, while others produced giant conidia of the 
same size as those of diploid XXXIV. Giant conidia were also produced by green 
pyridoxinless (py) segregants. An analysis of the second-order somatic segrega- 
tion from one of these py strains, purified by isolation of a single conidium, 
showed that the strain was heterozygous for the genes Y/y, W/w, and CY /cy. 

The number of sectoring colonies among colonies derived from mustard-treated 
conidia increased as time went on, with the delayed appearance of sectors from 
some colonies. This phenomenon invited special consideration. It could be at- 
tributed to the delayed emergence of a segregant nucleus in the course of growth 
of a colony; but it could also be due to a delayed effect of the mutagenic agent. 
This assertion was tested by taking green conidia from a number of color sector- 
ing colonies and plating them on CM in order to observe the appearance of the 
colonies derived from them. These colonies will be regarded as the first filial gen- 
eration (F,) of the sectoring colonies. 


Analysis of F , of sectoring colonies 


A total of 28 colonies with sectors, derived from HN-2-treated conidia, were 
analyzed by the procedure indicated above. Colonies of the first filial generation 
(F,) were observed for about ten days of growth on CM; the proportion of col- 
onies with sectors among them, and the type of each colony, was recorded. Hardly 
any completely yellow or white colonies were found. 

Seventeen of the F, populations of colonies examined showed a normal segrega- 
tion rate, i.e. one not significantly different from that of diploid XXXIV. Three 
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showed an appreciably higher proportion of sector-producing colonies, but the 
other eight showed a feature which had never previously been observed: the 
majority of the colonies, in a few cases almost all of them, produced sectors 
(Figures 1-4). Clones, or lines, derived from sectoring colonies, in which the 
property of producing sectors persisted in successive generations, will be referred 
to by capital letters (A, B, C, etc.). The term “mosaic” colonies will sometimes 
be used to refer to sectoring colonies, and the term “mosaic” clones, or lines, for 
the clones, or lines, to which they belong. 

The proportion of mosaic colonies in the F, of clones with a high rate of segre- 
gation varied from 30 percent (D) to 90 percent (G). A particularly striking 
feature of these populations of colonies with a high rate of segregation was the 
uniformity of segregation pattern within each clonal population. In the majority, 
the sectors which appeared were exclusively yellow; in two clones (B and G) 
the sectors were of both colors, yellow and white, and a fair proportion of the 
colonies had sectors of both colors. One clone had colonies with white sectors 
only (L) and one had pale yellow and grey-green sectors in the majority of the 
colonies (C) (Table 2). The type and size of the sector was also characteristic in 





Ficure 1.—Colonies of the unstable line D, showing yellow zones. 
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Ficure 2.—Colonies of the unstable line N, showing white sectors. 


TABLE 2 


Clonal populations with a high proportion of mosaic colonies, derived from conidia of unstable 
lines (diploid XXXIV: y py / w cy) 





Number of colonies obtained after plating conidia 
Sector characterization 


Colonies showing sectors =e 
a ——__——_ Colonies White Yellow 
Unstable white & without Colonies — ee 
line white yellow yellow sectors unclassified Totals Tested Pheno Tested Pheno 
code no no no no no no.) no type* no type* 
A 0 59 0 5 6 70 ee mara 36 Y 
B 15 192 220 42 32 501 28 w cy 52 y (py) 
C 0 120 0 5 3 128 59 ¥Y 
D 0 69 0 5 4 78 7 Cy 
F 0 +1 0 5 0 46 se 51 ¥ 
G 3 50 23 8 1 85 26 w cy 68 y (py) 
H 0 32 0 38 0 70 s4 es 22 y cy 
L 11 0 0 0 1+ 25 11 w a = 
M . “n 0 26 2 41 as te 9 ~~ 
N 123 0 0 0 161 284 100 w cy 








* The allele symbols indicate the phenotype. 
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each clone. In some populations the segregant zone of the colony was so large 
that there was only a small central green zone, surrounded by the yellow or 
yellow-and-white remainder of the colony (Figure 1). The opposite extreme was 
reached in one population (H), in which the segregant zones appeared as in- 
significant spots, and in another (E), in which only small sectors appeared, very 
late and at the extreme edge of the colonies. Clone M, which appeared spontane- 
ously, produced late grey-green sectors, with a few small yellow spots which 
turned out to be prototrophic (Figure 4). 

Three green colonies derived from HN-2-treated conidia were subjected to 
analysis, and in each case F, showed normal color segregation rates. 

Ten colonies with sectors derived from untreated conidia of diploid XXXIV 
were similarly analyzed. Only one of these (M) showed a very high proportion 
of yellow sector-producing colonies in F, (13/41). The sectors were of small size 
and appeared within a wide grey-green zone protruding from the edge of the 
colony (Figure 4). 





Ficure 3.—Colonies of the unstable line F, showing vellow sectors and spots. 
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Ficure 4.—Colonies of the spontaneous unstable line M, showing grey sectors with yellow 
spots. 


Analysis of further generations 


A number of F, colonies were used for an analysis of the next generation. Plat- 
ing methods and determinations of the proportion of mosaic colonies in the popu- 
lations studied were the same as those described in earlier sections. 

Eleven sectoring F, colonies derived from mosaic clones were studied, and all 
eleven gave an F, with a high proportion of mosaic colonies. All the clones con- 
cerned were derived from single HN-2-treated conidia. The mosaic pattern of the 
F,, colonies in the various clones was the same in each case as that displayed by 
the F, colonies. 

Four different mosaic colonies of the F, of clone B (yellow and white sectors) 
were examined, one with yellow and white sectors only, and two with yellow 
sectors only. All four produced an F, with a high proportion of yellow and white 
sectors. Moreover, one colony without sectors of the F, of clone B (see next sec- 
tion) produced an F, with a high proportion of colonies with white and yellow 
sectors and sectors in both colors, The F, colony which had a white sector only 
gave a higher proportion of white sectoring colonies in the F,, (0.37) as compared 
with the two F, colonies with yellow sectors (0.16 and 0.18). 











CHEMICALLY-INDUCED INSTABILITIES 145 


Three sectoring colonies of the F, of mosaic clones were used to study the F,; 
in each case the F, populations reproduced the high segregation rate and the 
mosaic pattern of the clone to which they belonged. 

The rates of mosaic colonies in successive generations of several mosaic clones 
have been recorded. It has been noticed that there is an appreciable increase in 
segregation rate as the generations proceed. Clone D, for instance, gave 30 per- 
cent mosaic colonies in F,, 45 percent in F,, 100 percent in F, (Figure 1). It 
should be mentioned that the colonies used for the production of conidia of the 
next generation were not picked out at random, but chosen from those showing 
the mosaic configuration. 

From the results obtained up to the present it appears that the tendency to 
produce progeny with a high proportion of mosaic colonies behaves as a heredi- 
tary character in the clones analyzed. This character manifests itself in single 
colonies by the appearance of segregant zones or sectors. The character in ques- 
tion will be referred to by the symbol HSF (high segregation frequency). 


Reversion of character HSF in some colonies. 


In almost all the HSF populations a certain number of colonies appeared which 
were completely green, i.e. without the mosaic appearance characteristic of the 
clone. Three of these colonies, belonging to the F, of clone B, were used for an 
analysis of their respective offspring. One of these (see above section) gave rise 
to an HSF population, although with a relatively low proportion of mosaic 
colonies (85/195), and two gave rise to populations with normal segregation 
rates (0/144 and 1/183). A colony without sectors obtained from line F also 
showed an almost normal proportion of mosaic colonies in the next generation 
(5/176). 

Although the colonies examined represent only a very small sample, it is clear 
that the presence of green colonies is due partly to incomplete penetrance of the 
character HSF and partly to reversion of the character to the normal state. The 
loss of capacity to produce mosaic offspring does not depend on the occurrence 
of homozygosis at the locus of the segregant markers, since they continue to 
appear in the offspring, although very sparsely (Table 3, Clone F). 

By repeated transfer under uncontrolled conditions, an unstable strain may 
lose its characteristic instability, probably because of selection of reverted sub- 
clones. This happened with line L; practically no colonies with white sectors 
were longer detectable after a few transfers. To restore the line an occasional 
white sectoring colony was selected, which initiated the unstable line N (Figure 
2). The white sectors produced by the colonies of the latter line, instead of being 
prototrophic as the white sectors from the clone L, were regularly cysteineless 
(Table 2). 


Characterization of segregants 


From mosaic colonies of some of the HSF clones a few color segregant zones 
were collected and tested for nutritional requirements. The zones were touched 
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TABLE 3 


Exceptional segregants from conidia of some unstable lines, appearing after mutagenic 
treatments (diploid XXXIV: y py / wcy) 





Exceptional segregants after mutagenic treatment 





Unstable line Selected for color Selected for requirements 




















Spontaneous Colonies Segregants Colonies Segregants 
sectors Mutagenic observed tested 
Code (phenotype) * agent (no.) (No.) (Phenotype) * (no. ) (No.) (Phenotype) * 
A y u.v. 350 Res re 208 1 py 
Cc y HN-2 3360 < <- 
D y HN-2 859 6 Ww 
F y HN-2 740 2 w 
u.v. 1104 1 w 
Ft ic ah 176 5 y 
39 y 
. 1 Ww py 
u.v. 1360 10 a 
1 w cy as ne 
H yey u.v. 602 “é - 120 53 wd 
11 y cy py 
L w HN-2 576 ie ae 45 8 w cy 





* The allele symbols indicate the phenotype. 
+ From a reverted non-sectoring colony. 


with the point of a needle which was then streaked on to complete agar; streaks 
which gave rise to growth of homogeneous colour were later tested for nutritional 
requirements, while those which turned out not to be pure were further purified 
and then tested. The test consisted of transplating conidia of the purified segre- 
gant clones on to MM, MM supplemented with pyridoxine (0.07 mg/ml), MM 
supplemented with methionine (0.05 mg/ml), and in some cases MM supple- 
mented with both compounds. 

The right-hand side of Table 2 shows the phenotype of a number of segregants 
belonging to various clones. It was observed that each mosaic clone usually gives 
rise to only one colored phenotype (in the case of lines B and G two colored segre- 
gant types were observed). Within each clone the colonies of the same color all 
have the same nutritional requirement. Thus each mosaic clone is uniform within 
itself in respect not only to the color of the segregant sectors and to their size and 
shape but also to their nutritional requirement. 

Clear distinctions can be drawn between at least six different mosaic patterns. 
Two clones (B and G) produce large white sectors with cysteine requirement, 
and large yellow sectors with a pyridoxine requirement; the yellow segregants 
show slight growth even in the absence of pyridoxine, unlike the component 
strain y py and some other pyridoxine-deficient segregants which show an ab- 
solute pyridoxine requirement. One clone (C) produces wide yellow prototrophic 
and grey-green prototrophic sectors; two clones (D and F) produce wide yellow 
prototrophic sectors (Figures 1 and 3); one clone (H) produces small yellow 
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spots with a cysteine/methionine requirement, i.e., a recombinant phenotype; 
one clone (L) produces wide white prototrophic sectors; one clone (N) produces 
sharp white cysteineless sectors (Figure 2). 

In the majority of the mosaic lines the rate of growth of the isolated sectors was 
greater than that of the green zone of the colonies. The opposite holds for line H, 
in which the rate of growth of the isolated sectors was much lower than that of 
the green zone of the colonies. 

No reliable data could be obtained about the conidium size of the mosaic col- 
onies and their segregant sectors, on account of the great variability in shape and 
size of the conidia of different strains. This was particularly noticeable in the 
conidia of some segregant sectors. Anyway the conidium size from the nonsegre- 
gating part of the unstable colonies is as a rule diploid, while that of the segregant 
sectors is considerably more irregular but in some cases decisively diploid. 


Exceptional segregants from mosaic clones 


In order to determine whether the mosaic clones were still heterozygous for 
the genes for which they did not show spontaneous segregation, green conidia of 
a number of colonies of various mosaic lines were treated in such a way as to 
stimulate a somatic segregation. 

The details of these experiments are shown in Table 3. The general result was 
the detection in many HSF clones of markers which showed no appreciable 
spontaneous segregation. Particularly noticeable were: the occurrence of several 
white segregants in clone D, which spontaneously gave only yellow segregants; 
the occurrence of two yellow prototrophic segregants and one yellow cysteine- 
pyridoxine-deficient segregant in clone H, which spontaneously gave only yellow 
cysteineless segregants; and the occurrence of white cysteineless segregants in 
clone L, alongside the spontaneously occurring white prototrophic segregants. 

The induced segregation in clone F calls for special mention. The spontaneous 
segregants in this clone were yellow; some white segregants occurred after HN-2 
treatment or ultraviolet irradiation of the conidia. A nonmosaic colony of clone 
F was also examined, in the filial generation of which occasional yellow sectoring 
colonies appeared spontaneously (5/176). After conidia of this nonmosaic colony 
had been subjected to ultraviolet irradiation, a few white segregants appeared 
alongside the yellow segregants, in a proportion (12/1360) noticeably higher 
than that (1/1104) in which such segregants appeared after trea(ment of conidia 
of a mosaic colony of the same clone F. 


DISCUSSION 


Methy1-bis(8-chloroethyl) amine (HN-2) turns out to be an effective agent for 
stimulating somatic segregation in diploids of Penicillium chrysogenum, as was 
already observed by Morpurco and SERMonrTI (1958). The chemical treatment 
increased the proportion of segregant colonies or colonies with segregant sectors 
from 0.023 to 0.340 in the experiments recorded here. Practically all the detect- 
able segregants are the result of treatment with the mutagenic agent. This fact 
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is of particular interest because each segregant obtained after stimulation is the 
result of an independent chromosomal rearrangement, whereas among the colo- 
nies obtained from untreated conidia two segregants of the same phenotype may 
belong a single segregating clone, originating before conidium formation. This cir- 
cumstance facilitates genetic analysis of diploids of Penicillium chrysogenum, 
which is, on the other side, simplified by the very high rate of appearance of 
segregants. Difficulties are of course created by the impossibility at present of 
stating which particular chromosomal rearrangements are produced by muta- 
genic treatment of conidia. There is no need to dwell on the practical importance 
of mutagenic treatment for the purposes of industrial ultilization of the para- 
sexual process. The genetic variability of a population of colonies derived from 
treated heterozygous diploid conidia is enormously increased, and the breeder 
can have at his disposal a much greater variety of phenotypes. 

A large part of the induced segregants take the form of apparently homogene- 
ous colonies. The remainder appear as yellow or white sectors from green colonies. 
In about 40 percent of cases, the green part of the colonies gives rise to unstable 
lines (HSF=high segregation frequency), which are discussed below. In the rest 
of sector-producing colonies the green part breeds true (not-HSF). Since the 
number of not-HSF sectoring colonies greatly increased after HN-2 action, in 
these cases we must assume a delayed effect of the mutagenic agent. 

The increased proportion of sectors in colonies of the unstable lines may be 
explained in two different, but not mutually exclusive, ways. On the one hand, 
it may be due to a selective advantage enjoyed by the segregant clone as com- 
pared with the HSF clone from which it emerges as a sector. In this case there 
is no need to assume, in the mosaic lines, any increase in the rate of occurrence 
of the processes which lead to somatic segregation : the increased proportion of 
sectors could be explained by a normal rate of occurrence of segregation processes 
with a greater likelihood of sector emergence in the segregant clones. The other 
possibility is an actual increase in the rate of occurrence of the segregation proces- 
ses in the mosaic lines. 

A model representing the first condition is the occurrence of a dominant semi- 
lethal mutation on the chromosome homologous to the one carrying the markers 
with a high rate of segregation. Segregation of the wild type allele of the semi- 
lethal gene would involve segregation of markers linked to it, and possibly of 
other markers as well, and would give a selective advantage to the segregant 
clone. 

An analogous situation occurs in heterozygous acr,/ACR, diploids of Aspergil- 
lus nidulans (Roper and Karer 1957) in the presence of acriflavine. The semi- 
dominant allele acr, (sensitivity to acriflavine) is harmful to the heterozygous 
diploid. It is eliminated by haploidization (giving ACR,) or by somatic crossing- 
over between this allele and the centromere (giving ACR,/ACR,). The derived 
clones emerge in the form of vigorous sectors from heterozygous colonies of 
stunted growth. Haploidization leads to segregation of the markers linked to 
ACR,, and sometimes to segregation of markers lying on other chromosomes. 
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Somatic crossing over leads to segregation of the markers distal to ACR, and 
sometimes to segregation of some of the markers lying between ACR, and the 
centromere. 

The details of the linkage relations of the markers in diploid XXXIV are still 
far from completely known, but on the basis of criteria formulated in an earlier 
paper by one of the present authors (SERMoNTI 1957), py appears to lie on a 
different chromosome from that (or those) carrying y, w and cy; w and cy seem 
to be on the same chromosome arm with w distal to cy. Whatever the linkage 
situation, the elimination of a harmful gene by somatic crossing over or haploidi- 
zation should give rise to a variety of noncomplementary phenotypes, some 
markers being automatically selected while others are free. No such state of 
affairs was observed in any of the lines analyzed (see Table 2), and this cannot 
be attributed to the loss in the HSF clones, of the nonsegregant markers, since 
in many cases (see Table 3) these turned out to be present in the heterozygous 
state. Moreover, although better growth of the isolated sectors, as compared with 
the colonies of origin, was actually observed in many lines, the growth of the 
isolated sectors in line H was less vigorous than that of the colonies of origin. 

A second model may be adduced, again from Aspergillus nidulans, to exempli- 
fy the first condition. Loss of a complete chromosome behaves as a semidominant 
disadvantageous mutation; the aneuploid strains grow weakly due to a kind of 
unbalance (Pontecorvo and Karer 1957; Karer 1957). They throw out vigor- 
ous sectors which rapidly overwhelm the poorly growing seed colony. Repeated 
isolation of spores of the strain of the colony usually produces the same configu- 
ration. The conidial size from the vigorously growing sectors is haploid, conidia 
from the center are variable, and range from almost diploid to haploid. It should 
be observed that, theoretically speaking, aneuploidy could produce, alongside of 
a selective disadvantage, an actual increase in the rate of occurrence of the 
process of haploidization, due to some inherent irregularity in the mitotic process. 

This hypothesis is open to the same objections as the semilethal-mutation 
hypotheis: a variety of segregant phenotypes should be expected within each 
mosaic clone. Besides, the situation with respect to conidium size of the unstable 
clones is somewhat different from that which appears with aneuploid clones in 
Aspergillus nidulans. 

The second explanation of the increased proportion of sectors in the unstable 
lines is an actual increase in the rate of occurrence of segregation processes. This 
hypothesis rests on the exclusion of explanations based on selective effects. Al- 
though not yet critically proved, there seems at present to be more support for 
the assumption of an increase in the rate of segregation as an explanation of the 
phenomena observed. 

The occurrence of genetic instability in the material described in this paper is 
certainly due to a mutational event. The character “Instability” (HSF) is strictly 
hereditary, its appearance is sudden, and its rate is greatly increased by treat- 
ment with mutagenic agents. A small proportion (1:10) of the colonies which 
produced sectors spontaneously in diploid XXXIV originated unstable lines and 
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since colonies which produce sectors for color appear with a frequency of ap- 
proximately 0.01 (7:723), the absolute frequency of colonies producing un- 
stable clones is of the order of 10~*. After HN-2 treatment, mosaic colonies 
represented about ten percent (23:208) of the surviving colonies, and about 40 
percent (11:28) of these were unstable. The absolute proportion was therefore 
of the order of 4.10~*, an increase of about 40 times over the spontaneous rate. 

The results reported here give a strong indication that the induced instability 
affected different chromosomal regions in the different mosaic clones. Indeed, 
there is a remarkable specificity: each unstable line is unstable for particular 
markers only, and at least six different instability patterns have been identified 
in the nine lines examined. There is high specificity also in the time of appear- 
ance and the shape of the sectors in different lines. One could suppose that the 
various clones are differentiated by the disappearance before sector production 
of certain markers in some of them, and that the instability itself may be generic, 
appearing specific only because each clone is only able to segregate for markers 
which have remained in the heterozygous state. This has turned out not to be 
the case, since the heterozygosis has been demonstrated in the clones analyzed 
of some markers which nevertheless did not segregate with high frequency. 

The exact nature of the processes of chromosomal rearrangement which give 
rise to mosaic clones cannot be determined with any certainty in the present 
state of knowledge of the genetic make-up of the diploid concerned. The existence 
of clones producing sectors of two complementary types suggests that, in such 
cases, either the process of somatic crossing over in one or more particular regions 
or the segregation of whole chromosomes has been stimulated. 

It is unfortunate that irregular conidial size of the segregant sectors does not 
allow of their ploidy classification. 

A large number of cases of genetic instability have been observed in maize 
(McCurntock 1951). In some of these a locus, Ds. has been identified which 
displays a marked fragility. When a rupture occurs at this locus the acentric 
fragment produced is eliminated during mitotic division. All the dominant alleles 
in the fragment are removed and any recessive alleles present in the correspond- 
ing segment are thus enabled to express themselves in the phenotype. Grains 
during the development of which such phenomena have occurred are variegated. 

This model is more closely applicable than any other as an explanation of the 
instability in Penicillium chrysogenum, in cases in which the segregation con- 
cerns a single phenotype. 

Cases of radiation-induced genetic instability were observed by NEwcomMBE 
(1953) in Streptomyces sp. The phenomenon has many points of similarity with 
the present observations. NeEwcomseE (1953) thinks that the mechanism respon- 
sible for the development of unstable lines in maize (McCuirntock 1951) might 
be applicable also to Streptomyces. Unlike the material studied here, the strain 
from which NewcomsBe (1953) obtained unstable lines was assumed to be hap- 
loid. 

Rupture points, with loss of chromosomal fragments, have been suggested in 
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Escherichia coli Ki2 diploid (NEtson and LepEerBERG 1954) and haploid (Ca- 
VALLI and Jinks 1956). 

In 1925 Brinces observed, in females of Drosophila melanogaster containing 
the dominant factor Minute-n on one of the X-chromosomes and certain recessive 
genes on the other X-chromosome, a frequently occurring mosaic condition, i.e. 
r the appearance of small areas in different parts of the body which were not 

phenotypically Minute-n and expressed the effects of the recessive genes. BRIDGES 
suggested that the factor Minute-n had the property of occasionally eliminating 
the X chromosome on which it lay. 

STERN (1936) showed that the chromosome elimination theory was not satis- 
factory as an explanation of the mosaic formation and that the mechanism of 
the phenomenon in question rests primarily on the occurrence of somatic cross- 
ing over. The increase in the rate of somatic crossing over must depend on a 
general “phenotypic Minute reaction”’ on development. 

hn Hereditary tendencies to delection, loss of complete chromosomes, and somatic 
crossing over may all play a part in the phenomenon of genetic instability in 
Penicillium chrysogenum, while selective effects probably take part only in so 
far as they determine the morphological pattern of the mosaic colonies. 


SUMMARY 


The action of methyl-bis(8-chloroethyl)amine (HN-2) on the somatic segre- 
gation of a diploid strain of Penicillium chrysogenum heterozygous for color and 
deficiency markers is studied. The following points are established: 


1) HN-2 greatly increase the proportion of segregants observable as whole 
colonies or as yellow or white sectors from green colonies. 


2) About a third of the colonies with sectors (“‘mosaic colonies”) derived from 
treated conidia gave unstable clones after repeated transfer of the green zone. 
This instability appears as a capactiy of the conidia to produce a very high pro- 
portion of mosaic colonies. The instability persists for an indefinite number of 
1 generations. 

3) One unstable clone was derived from a mosaic colony which had formed 
spontaneously. 





4) Absolute specificity of segregation pattern was shown by the unstable 
clones: each clone produces only one or two types of segregant sector. However, 
tests carried out on clones showed that markers not concerned in the high fre- 
| quency were present in the heterozygous state. 

5) Reverted stable subclones, in which the markers showing a high segregation 
rate were still present in heterozygous state, were readily obtained from the 
unstable clones. 

6) Possible causes of the instability are discussed. An actual increase in the 
rate of occurrence of somatic segregations seems to be responsible. 
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